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ABSTRACT
Study of the Physics of
Droplet Impingement Cooling. (May 2011)
Guillermo Enrique Soriano, B.S., Escuela Superior Politecnica del Litoral;
M.S., Georgia Institute of Technology
Chair of Advisory Committee: Dr. Jorge Alvarado
Spray cooling is one of the most promising technologies in applications which
require large heat removal capacity in very small areas. Previous experimental studies
have suggested that one of the main mechanisms of heat removal in spray cooling is
forced convection with strong mixing due to droplet impingement. These mechanisms
have not been completely understood mainly due to the large number of physical vari-
ables, and the inability to modulate and control variables such as droplet frequency
and droplet size. Our approach consists of minimizing the number of experimental
variables by controlling variables such as droplet direction, velocity and diameter.
A study of heat transfer for single and multiple droplet impingements using HFE-
7100 as the cooling uid under constant heat ux conditions is presented. Monosized
single and multiple droplet trains were produced using a piezoelectric droplet gen-
erator with the ability to adjust droplet frequency, diameter, velocity, and spacing
between adjacent droplets. In this study, heaters consisting of a layer of Indium Tin
Oxide (ITO) as heating element, and ZnSe substrates were used. Surface tempera-
ture at the liquid-solid interface was measured using Infrared Thermography. Heat
transfer behavior was characterized and critical heat ux was measured. Film thick-
ness was measured using a non-invasive optical technique inside the crown formation
iv
produced by the impinging droplets. Hydrodynamic phenomena at the droplet im-
pact zone was studied using high speed imaging. Impact regimes of the impinging
droplets were identied, and their eect on heat transfer performance were discussed.
The results and eects of droplet frequency, droplet diameter, droplet velocity, and
uid ow rate on heat ux behavior, critical heat ux, and lm morphology were
elucidated.
The study showed that forced heat convection is the main heat transfer mecha-
nism inside the crown formation formed by droplet impingement and impact regimes
play an important role on heat transfer behavior. In addition, this study found that
spacing among adjacent droplets is the most important factor for multiple droplet
stream heat transfer behavior. The knowledge generated through the study provides
tools and know-how necessary for the design and development of enhanced spray
cooling systems.
vNOMENCLATURE
A Area
d Diameter
D Digital count infrared camera
Dens Density
f Frequency
h Heat transfer coecient
hfg Latent heat of vaporization
I Current
k Thermal conductivity
L Distance between droplets
_m00 Mass ux rate
n Refractive index
Nu Nusselt number ((hd)=kf )
Oh Ohnesorge number (=
p
d)
P Power
q Heat
q00 Heat ux
q00c Critical heat ux
Q00 Volumetric ow rate
Re Reynolds number ((vd)=)
s Droplet spacing
S Jet spacing
St Strouhal number ((fd)=v)
vi
t Liquid lm thickness
T Temperature
u Uncertainty
V Voltage
v Velocity
W Irradiance
We Weber number ((v2d)=)
 Droplet spreading ratio
 Surface tension
 Absorptivity
" Emissivity
 Reectivity
 Dynamic viscosity
 Density
 Critical angle
 Transmissivity
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Subscripts:
avg Average
atm Atmosphere
c Impact zone crown
d Droplet
di Dierence
eq Equivalent
htr Heater
in Input
j Jet
l Liquid
loss Losses
ref Reference
o Initial
obj Object
s Solid
sub Substrate
surr Surroundings
tot Total
v vapor
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1CHAPTER I
INTRODUCTION
The goal of this project is to gain a better understanding of the physics of heat
transfer due to droplet impingement on a surface when subject to constant heat ux
at the solid-liquid interface. Understanding the eect of droplet impingement on
heated surfaces apply to applications such as spray cooling which is routinely used
in miniaturized packaging electronic systems in which the power dissipation demands
require a direct liquid methodology.
The knowledge generated through the study will be used to understand the eect
of droplet impingement on spray cooling phenomena. The experimental results and
analysis will help in the design of better spray and droplet cooling systems.
A. Motivation
Thermal management of electronic equipment remains one of the most enduring tech-
nical challenges of the world today [1]. Modern electronic packages are complex
systems which exhibit multifunctionality, miniaturization, and make use of modern
materials which result in high thermal loads. Moreover, the intricate conguration of
electronic packages leads to highly concentrated and non-uniform thermal loads from
sources such as microprocessors, and memory devices.
In the last three decades, consumer have been demanding fast and reliable elec-
tronic systems and components which have put considerably pressure on the way
electronics systems should be designed and fabricated. Moore [2] predicted an ex-
The journal model is IEEE Transactions on Components and Packaging
Technologies.
2ponential increase in the number of transistors that could be packaged on a die as
could be seen on Figure 1. The ability of the electronic industry to comply with
Moore's prediction alongside with die size reduction have created thermal challenges
that still need to be solved. The International Technology Roadmap for Semicon-
ductors (ITRS   2009) predicts a dissipation of 260W=cm2 from electronic packages
by 2011 [3] including digital packages such as microprocessors but also on radiofre-
quency (RF), optoelectronics and microelectromechanical (MEMS) modules. ITRS
also projected a maximum junction temperature of 100  in high-performance and
cost eective devices; 125  in low-cost, handheld devices; and 175  in devices
working in harsh environments in order to comply with performance and reliability
needs.
Fig. 1.: Transistor count as a function of year from [2]
3Selection of thermal management technologies used on these future electronic
modules are key to their proper functioning. Thermal management systems are ex-
pected to dissipate thermal loads as high as 1; 000W=cm2 for some of these electronic
packaging systems. Passive systems such as heat spreaders, extended surfaces and
heat pipes relying on natural or forced convection of air are able to handle heat ux
values to only approximately 5 to 20 W=cm2 making them inadequate for these ap-
plications (see Figure 2).
Fig. 2.: Comparison of common cooling techniques
From Figure 2, it is evident that active systems involving a phase change pro-
cess are clear alternatives to manage the required thermal loads. Among the options
4to achieve higher heat ux rates which are currently subject of active research, we
include: spray cooling, jet cooling, single and multipledroplet cooling, vapor compres-
sion refrigeration, and thermosyphons. All of these options can achieve heat uxes
several times higher than saturated pool boiling. However, the physical mechanisms
of these thermal management techniques are still not well understood due to the vast
number of physical variables that should be considered.
B. Objectives
Despite of the attractive features of spray cooling, there has been a debate about
the uniformity of heat removal and surface temperature distribution on spray and
droplet cooling. Moreover, there have been a number of studies with conicting
ndings that have made the study of spray cooling even harder. Very little research
has been done on the spatial and temporal evolution of thin liquid lm which is formed
when droplets impinged a heat surface. Additionally, only low resolution localized
heat transfer and surface temperature data have been reported to date. There is a
need to understand the interaction between impinged droplets and surface cooling by
conducting experiments with high spatial and temporal resolution of spray cooling
heat transfer process to understand how physical parameters such as lm thickness,
lm evolution, and nano-scale features impact the overall heat transfer process.
Aiming to ll the gaps of knowledge in the physics of cooling due to droplet
impingement on a surface; a series of well controlled experiments were performed
using a dielectric uid suitable for electronics cooling applications (HFE-7100) with
the following objectives:
- To study the droplet impact zone morphology for single and multiple trains of
droplets. This required characterizing impact zone size, lm thickness at the
5impact zone under dierent conditions. Additionally, interaction of multiple
streams were studied.
- To study the eects of coherent droplet impingement on surface temperature
with enough spatial resolution to characterize spatial and temporal behavior
inside and outside of the impact zone for single and multiple trains of droplets.
- To measure critical heat ux (CHF) over a range of experimental conditions.
- To quantify the eects of droplet variables such as droplet diameter, velocity
and frequency (expressed with the corresponding dimensionless numbers) in the
case of single train of droplets; and droplet spacing in the case of multiple trains
of droplets. The eect of these parameters on surface temperature inside the
impact zone as well as on critical heat ux (CHF) will be presented.
- To identify the main heat transfer mechanisms in the droplet impact zone.
C. Organization of this Work
Chapter II provides a detailed literature review of the current state-of-the-art in
cooling techniques related to the main subject of the dissertation. The Chapter
comprises reviews on work performed on jet cooling, spray cooling and droplet cooling.
A review on the hydrodynamic and heat transfer aspects of single droplet cooling is
also provided. Finally, the gaps in the current state- of-the-knowledge in the eld are
identied and presented.
Chapter III describes the experimental set-up used to perform heat transfer and
visualization experiments. The experimental set-up is described in detail including
an explanation of the calibration procedures followed to minimize uncertainty in the
results. Experimental uncertainty for all the measurements is also presented.
6Chapter IV comprises the most relevant experimental results including measure-
ment of critical heat ux, surface temperature, and lm thickness measurements for
single and multiple droplet streams. Finally the major heat transfer mechanisms at
the point of droplet impact are identied and discussed.
Chapter V gives a summary of the body of work with the major conclusions
highlighted. Recommendations on future work are also included.
7CHAPTER II
LITERATURE REVIEW
Thermal management techniques such as jet cooling, spray cooling, and droplet im-
pingement have the ability to dissipate high heat uxes [4, 5, 6, 7, 8, 9] when compared
to single phase cooling methods or pool boiling with the advantage of eliminating the
eects of solid-solid thermal interface resistances between the electronic package and
the cooling uid. A review of each of the above mentioned cooling schemes is pre-
sented in this Chapter. Research articles on individual droplet cooling are discussed
in this Chapter, as well as spray and droplet impingement cooling. A review of studies
about the relationship between a single train of impinged droplets and heat transfer
at the solid-liquid interface is also presented. Finally, gaps and contradictions of the
current state-of-the-knowledge are also identied.
A. Jet Cooling Review
The focus of this section are jet impingement cooling applications in which liquid jets
coming from a nozzle impinges the target surface located at some distance from the
nozzles tip. Jet impingment cooling is a promising cooling technology as stated by
Agostini [10] and Bar-Cohen [6] reviews at the expense of greater pumping power.
Figure 3 shows an schematic of a typical single jet conguration. The main geometric
variables used in jet cooling are: nozzle diameter (d), center-center spacing between
nozzles (S), and distance between nozzle to heater (H). The ow on a jet impinging
could be divided into three separate regions: the free jet region, the impingement or
stagnation region, and the radial ow or boundary layer region.
8Fig. 3.: Schematic of jet cooling
The free jet region is not aected directly by the surface of the heater and the
ow is mainly on the axial direction. This region present a core zone and a free surface
which is aected by the shear stress of the surrounding region. In the impingement
region, the uid impinges the surface and turns about 90  owing parallel to the
surface. Outside of the impingement region, the uid ows radially outward where
boundary layer eects become dominant. Heat transfer in this region an be charac-
terized as single phase or two-phase depending on uid and wall temperatures. Jet
impingement could also be classied as submerged or free surface jets. Submerged
jets have surrounding liquid through which the jet ows, where as free surface jets
are surrounded by a gas such as air.
Recent experimental work on single jet impingement cooling have focused on
9air as the coolant of choice. Garg et al. [11] developed a synthetic air jet cooling
device for applications where space is a constraint. The heat transfer reached a
maximum with an enhancement over natural convection cooling by a factor of 8.2,
which corresponded to a heat ux of 3.2 W=cm2 at a heater's temperature of 80 .
Kim et al. [12] investigated heat transfer occurring during the impingement of
air jets on aluminum foam heat sinks. The focus of the research was to investigate the
eects of pore density, jet velocity, and nozzle-to-heater distance. The average Nusselt
number was found to increase with the Reynolds number and with decreasing pore
density for a xed nozzle-to-heater distance because of larger amount of ow passing
through the aluminum foam.
Bintoro et al. [13] performed an experimental investigation on heat transfer from
a single submerged water jet coupled with a mini-channel air heat exchanger. The
system was able to remove 265 W=cm2 with a heat transfer coecient of 7 W=cm2K.
Sun et al. [14] proposed a general equation (2.1) for the local Nusselt number
at the stagnation zone for both submerged and free surface jet for the laminar case.
Nuo = 1:25Pr
1=3Re1=2 (2.1)
350  Re  6340
These research eorts have helped our understanding on how the structure of the
liquid ow and heat transfer relate to each other taking into account geometric and
dynamical features of the jet. From the experimental investigation, it was established
that the heat transfer coecient depends on Reynolds number, nozzle-to-heater dis-
tance, and coolant properties (i.e. thermal conductivity and specic heat). These
conclusions are also supported by theoretical work for the wall-jet region based on
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boundary-layer approximations [15, 16, 17] as well as by direct CFD numerical sim-
ulations based on conservation equations with the appropriate boundary conditions
and/or turbulent models [18, 19, 20].
The studies revealed that as uid starts owing radially outward, the liquid
lm thickens forming very thin momentum and thermal boundary layers due to jet
deceleration and increase in uid pressure. As a consequence, extremely high heat
transfer coecients are found in the stagnation zone although with rapid decrease on
the radial ow region. Most studies have concluded that jets oer a good solution for
localized cooling. However, for chip cooling, the surface temperature variation needs
to be limited to just few degrees to ensure proper operation of electronic components.
The non-uniformity of jet cooling has prompted investigators to consider the use of
arrays of jets for cooling applications. With multiple jets, the interaction among jets
becomes crucial making nozzle array conguration very important.
Kim et al. [12] also investigated the eects of a 3x3 array of air jets on aluminum
foam heat sinks. They found that an increase in the non-dimensional jet spacing
(s=d) (i.e. spacing-to-jet diameter) caused a decrease in Nusselt number. Moreover,
increasing the spacing between the nozzle and heater had a negative eect on Nusselt
number for a ratio H=d below 8; however, varying the ratio H=d from 8 to 25 resulted
in an increase in the Nusselt number. The eect of similar variables on droplet-
impingement cooling were considered as part of this study.
Overholt et al. [21] used microfabrication techniques to build compact sub-
merged jet impingement modules with a parallel return system that eliminates the
eects of cross-ow, using jet diameters of 300 and 635 m and outlet holes of 200
and 350 m. Three nozzle-to-heater distances were used: 362, 686, and 1467 m.
The module with the larger jet diameter had a maximum heat transfer coecient
of 20 W=cm2  K. The module with the smaller jet diameter reach a heat transfer
11
coecient value of 28 W=cm2  K at the smallest separation distance.
Fabbri et al. [22] studied heat transfer using an array of free surface microjets
with FC-72 as coolant. Jet diameters from 69 to 250 m were used, with jet spacings
of 1, 2, and 3 mm. Equation (2.2) shows the correlated average Nusselt number found
for those experiments.
Nu = 0:042Re0:78dj Pr
0:48 exp 0:069S=dj (2.2)
valid for the following ranges:
43  Redj  3813
2:6  Pr  84
4  S=dj  26:2
Brunschwiler et al. [23] investigated the eects of using several submerged jet
cooling modules with a parallel uid return system on heat transfer. The modules
consisted of jet arrays of up to 40,000 jets with diameters ranging 31 to 103 m and
jet spacings between 100 to 500 m. In the optimal conguration, tested a heat
transfer coecient of 10.5 W=cm2  K was measured which allowed a heat removal
of 370 W=cm2 with a junction temperature of 83 .This also suggests that proper
spacing of liquid jets is crucial in the dissipation of large amounts of thermal energy.
Kanokjaruvijit et al. [24] cooled an enhanced surface consisting of structures to
promote turbulence. The purpose of the structures was to help break the boundary
layer thus enhancing heat transfer in the region between structures. They found that
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the structures did not always enhance heat transfer.
Natarajan et al. [25] built a modied submerged microjet cooling module capa-
ble of removing up to 250W=cm2 with pressure dropless than 70 kPa. The device had
1,600 jets with 1,681 returns. Water was used in the single phase mode and operated
at Reynolds numbers below 500.
Jet impingement cooling could experience two-phase phenomena, when boiling
along the heated surface occurs. The generation of vapor bubbles within the liquid
lm splashes away a signicant portion of the coolant. Increases in heat ux results
in the formation of dry spots on the liquid lm that spreads radially outside of the
impact zone. Eventually, the dryout propagates inwards toward the stagnation zone
resulting in dryout and CHF [7].
Boiling from high temperature surfaces experiencing liquid jet impingement can
be quite complex. The physics governing heat transfer is still not completely under-
stood and only few theoretical models are available [7, 26].
Experimental studies of two-phase jet impingement cooling have focused on mea-
suring Critical Heat Flux (CHF). For free circular jets, CHF can be enhanced by in-
creasing jet velocity or decreasing jet diameter [7]. In the case of FC-72, jet velocity
has a stronger eect on CHF than jet width [27]. Increasing subcooling (using lower
uid temperature) promotes condensation of vapor bubbles in the boundary layer
region, thus delaying the wall jet separation and the resulting dryout process.
B. Spray Cooling Review
Early work in spray cooling was done by Kopchikov et al. [28] who studied heat
transfer on surfaces cooled by a spray generated by nozzles with orices in the range
of 20 to 200 m. The uids used in the investigation were distilled water, ethanol,
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carbon tetrachloride, and benzene. The study reported heat uxes several times
larger than for pool boiling. However, spray characteristics such as liquid ow rates,
droplet diameters, velocities and frequency of impact were not reported.
Toda [29, 30] obtained a heat transfer curve using distilled water for a wide
range of surface temperatures, generating a heat ux-temperature plot similar to a
pool boiling curve. The following heat transfer regimes were identied: nucleate
boiling, transitional, and lm boiling. Two circular heaters were used in the study
with diameters of 40 and 15 mm. Droplets velocities and diameters were not measured
directly but estimated based on previous empirical data of sprays. The maximum heat
ux reported was 407 W=cm2 with a superheat of 50 on the 15 mm heater with
water being supplied at a rate of 1:15  105 kg=m2   h (equivalent to a ow rate of
20,320 ml/hr). Estimated droplet diameter was 117 m, with impact velocities of
72:4 m=s which corresponds to Weber number of 8,750.
Bonacina et al. [31, 32] performed an experimental study where only a fraction of
the total heat transfer surface was impinged with droplets at relatively low superheat
values at the liquid-solid interface. Water was used as heat transfer uid at owrates
between 1:1 to 2:1 cm3=s (equivalent to a ow rate of 300 ml/hr to 600 ml/hr) with
a nozzle at cone angles ranging from 45 to 80 degrees impacting a 25 mm diameter
heater. The maximum heat ux reported was of 215 W=cm2 with a superheat of
36 , and a mean droplet diameter of 90 m with an estimated velocity of 1 m/s.
Other researchers [33, 34, 35, 36] have reported very large heat uxes using
pressure-atomized nozzles. Tilton [33] studied spray cooling using water as test uid,
impinging a copper test section of 1 cm by 1 cm that was heated using infrared
lamps. A maximum critical heat ux of 983 W=cm2 at 7:33 cm3=s (equivalent to
26,300 ml/h) was obtained. Droplet diameter in the range of 50 to 100 m and a
velocity of 9m=s were used. The results suggest that heat transfer is highly dependent
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on spray characteristics such as velocity and droplet diameter. In order to improve
heat transfer, it was recommended to minimize the size of the impinging droplets
and to maximize the ratio of wetted area. Smaller droplets were thought to be more
eective due to the formation of a thinner lm during impingement which should
have resulted in an increase of contact line length (CLL).
Navedo [37] performed a parametric analysis using pressure atomized nozzles and
Phase Doppler Particle Analyzer (PDPA) to measure droplets characteristics of the
spray including the Sauter mean diameter, velocity and frequency. It was found that
frequency of droplet impact and velocity were directly proportional to both critical
heat ux (CHF) and heat transfer coecient at CHF. Sauter mean diameter (d32)
was found to be inversely proportional to heat transfer coecient at CHF but had
no eect on the value of CHF.
Ortiz et al. [38] and Estes et al. [39] studied several spray cooling variables
in pressure-atomized nozzles including volumetric ux, surface roughness, subcooling
temperature, and spray angle. In both studies, experiments using larger mass ow
rates resulted in higher heat ux values. Subcooling was shown to have an eect
when using dielectric uids [39] obtaining higher CHF at increased subcooling. Ortiz
[38] found a decrease in heat ux with increasing impact angle, and an increase in
CHF with surface roughness.
Cho et al. [36] and Estes et al. [39] postulated correlations between heat trans-
fer performance and Sauter mean diameter (d32) of the spray. Hsieh et al. [40] also
have conrmed the empirical relationship of the above variables when grouped in the
Weber number along with the dierence between surface temperature and saturation
temperature (T ). Cho et al. [36] showed that heat transfer rate was a function of
superheat temperature and the Weber number dened in terms of the Sauter Mean
Diameter as indicated in Equation (2.3).
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Estes et al. [39] developed a CHF correlation for FC-72, FC-87 and water. The corre-
lation (2.4) shows a strong dependence of CHF on volumetric ux and Sauter mean
diameter.
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Other group of researchers have focused their attention to air-atomizing noz-
zles [41, 42, 43]. Monde [41] studied heat transfer phenomena on a thin water layer
that covered a heated disk where water was supplied with an air-atomizing nozzle.
The study showed an increase of heat ux with an increase in the volumetric ow
rate. It also suggested that CHF did not increase after exceeding the critical volume
ow rate. Monde [41] proposed that the critical volumetric ow rate was a direct
result of the thickness of the nucleate boiling liquid layer.
Yang [42, 43] used an air-atomizing nozzle with water as test uid on a range
of ow rates from 1 to 3 l=h with air pressures on the range of 10 to 50 PSI. The
maximum CHF obtained was of 850 W=cm2 with owrate of 2 l=h, superheat of
50 , velocity 57 m=s, and pressure air (atomizer) of 50 PSI. A major contribution
of their research work was the measurement of lm thickness and lm topography.
In order to measure lm thickness, the change in the line of sight was tracked using
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a laser beam. The measurement provided the maximum lm thickness produced by
the spray. Film topography was obtained using a holographic technique. The range
of lm thickness varied between 75 and 300 m. Yang [43] suggested that the main
mechanism of heat transfer in the case of spray cooling with an air-atomizing nozzle
was thin-lm nucleate boiling and secondary nucleation caused by impinging droplets.
Chen et al. [44], Grin et al. [45] and Rini et al. [46, 47, 48] have studied bubble
behavior on spray cooling using FC-72 as heat transfer uid. A transparent heater
was used to allow high speed imaging of the surface of the heater. In their visualiza-
tion studies, they observed bubble formation even without heat transfer attributed to
entrapped gas. They also studied several bubble parameters such as bubble growth,
bubble diameter at puncture, lifetime, life cycle and bubble number density. They
reached the conclusion that impinging droplets provide secondary nuclei for the for-
mation of bubbles. They proposed this secondary nucleation as a mechanism of heat
transfer enhancement in spray cooling applications.
More recently, Horacek et al. [49] performed a series of experiments using a
single nozzle with FC-72 as the heat transfer uid. The heater surface consisted of a
micro heater array (total of 96 heaters) with a total surface dimension of 7 x 7 mm.
The ow rate studied was 11.3 ml/min with a velocity of 21 m/s. Measurements of
the contact line length (CLL) were performed on the semitransparent heaters using
Total Internal Reectance (TIR) technique. A strong correlation between contact line
length (CLL) and wall heat ux was determined. Critical heat ux obtained in this
study were in agreement with Estes correlation (2.4) within an uncertainty of 30%.
Pautsch et al. [50, 51, 52] focused their eorts in studying the liquid lm formed
in the modied version of the Cray X1 vector supercomputers cooling unit. The uid
delivery system consisted of a ten nozzle array design with two kinds of nozzles. Later
the delivery system was modied to include momentum-driven linear nozzles. The
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heater consisted of an array of eight 17x17 mm heaters accommodated on a total area
of 70x70 mm and was positioned downward. Pautsch[51, 52] used a diraction tech-
nique to obtain the measurement of the lm in heat transfer regimes below nucleate
boiling. Film thickness on the order of 30 to 60 m were obtained.
C. Droplet Stream Cooling Review
Most studies have relied on the use of sprays generated by nozzles which usually
consist of a wide range of droplet conditions with little to none ability to regulate
parameters such as droplet diameter, velocity and frequency. On the other hand,
piezo-electric droplet generators provide an alternative way to control those param-
eters within an acceptable range. Few researchers have studied the pertinent sev-
eral physical phenomena, including localized heat transfer caused by the coherent
impingement of monosized droplets. With an adjustable droplet generator, droplet
cooling (i.e. droplet size, droplet velocity, and frequency) can be eectively controlled
resulting in conditions ranging from thin lms to individual droplet evaporation.
Early work in droplet cooling concentrated on water at temperatures around or
higher than the Leidenfrost temperature. Wachters et al. [53] used a spray nozzle to
produce droplets in order of 60 m with an approximate velocity of 5 m/s. In the
experiment, the cooling of a disk with an initial temperature of 500  was reported.
Michiyoshi et al. [54] studied experimentally the evaporation characteristics of large
water droplets on heated surfaces of various materials at surface temperatures between
80 to 450 . Thermocouples were used to measured surface temperature below the
impinged drop as a function of time. The droplet behavior on heated surface was
studied using high-speed photography.
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Droplet spreading ratio has been experimentally studied by Yang et al.[55].
Yang postulated a correlation for the droplet spreading ratio, , as a function of
the Reynolds number and Weber number(2.5).
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Halvorson et al.[56, 57] performed an experiment using a stream of monodispersed
droplets with diameters ranging from 2 to 4 mm with a velocity of 1.3 m/s and fre-
quencies of 2 to 15 Hz. A CHF of 325 W=cm2 was obtained, with results suggesting
an increase in CHF with thinner lms, reduced droplet diameter and increased fre-
quency. The ndings of Halvorson [56, 57] were in accordance to the results obtained
using pressure atomized nozzles [33, 34, 35, 36] and air-atomizing nozzles [41, 42, 43].
Sawyer et al. [58] performed experiments with droplets in the range of 1.5 to 2.7
mm, velocities in the range of 2.4 to 4.6 m/s at frequencies of 12 to 42 Hz. Heat trans-
fer uxes were calculated based on the wetted area caused by droplet impact. They
also postulated a correlation for the nondimensional critical heat ux as a function
of the Weber and Strouhal numbers. Healy et al. [59] modied Sawyer correlation to
include results from Holvorson (2.6).
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55:0 < We < 730
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7:0  10 3 < St < 3:0  10 2
Sheeld [60] performed an investigation to understand the eect of monodispersed
stream of droplets with a range of 50 300 m, with droplet velocities on the range of
3 to 14.2 m/s on heat transfer. Three orice plates with dierent patterns were used
to produce droplets including a single 144 m orice, a nine hole array (3x3) with
40 m orices at a distance of 500 m between orice centers and nine hole array
(3x3) with 30 m orices at a distance of 500 m between orice centers. The eect
of frequency and Weber number on critical heat ux values were presented; however,
a clear distinction among the dierent congurations was not evident in the analysis.
Sellers [61] modied the set-up used by Sheeld [60] using a charge-based deec-
tion mechanism to control the trajectory of the droplets. The deection mechanism
allowed to position droplets with an uncertainty of 22%. In the study, a correlation
of critical heat ux (CHF) in terms of Weber number, and Strouhal number was
formulated(2.7).
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In the case of deected streams, Sellers et al. [62, 61] dened the Strouhal number
based on the impact frequency of the droplets hitting a xed point on the surface.
20
A correlation for critical heat ux (CHF) as a function of Weber number, Strouhal
number, and dimensionless spacing between consecutive droplets was also formu-
lated (2.8).
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D. Single Droplet Impact Review
Several researchers have focused their eorts in studying single droplet impact from
the hydrodynamic and heat transfer perspective. Moreira et al [63], and Cossali et
al [64] provide good reviews of the state-of-the-art of single droplet impingement re-
search. The rationale of these single droplet studies was to generate knowledge to
predict the behavior of sprays in applications such as spray cooling of electronic sys-
tems and fuel-spray impingement in internal combustion engines. However, there still
is a controversy in the scientic community on the usefulness of individual droplet
research to predict the outcome of sprays due to the fact that droplet-to-droplet in-
teractions are not considered when studying individual droplet research. Moreover,
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some have argued that single droplet studies cannot be extrapolated or used to pre-
dict spray behavior since single trains of droplet do not represent the whole spray
phenomena. However, studying spray cooling without isolating droplet-to-droplet
interactions and factors such as droplet spacing make the in-depth study of spray
cooling almost impossible. Therefore, isolating and blocking some of the parameters
should allow for a better understanding of the main physical mechanisms at play
when droplets impinged a surfaces coherently.
From the hydrodynamic perspective, the most simple case is the impact of a
droplet on a dry surface. The phenomena occurring when a single droplet impinges
onto a dry surface depends on many factors associated with the interface and the
impact conditions. The phenomena can be characterized using impaction energy as
proposed by Bai et al. [65], or by a suitable time scale as suggested by Rioboo et al.
[66]. The characterization using either approach clearly identies the following stages:
(i) stick, (ii) spread, (iii) splash and (iv) rebound. Rioboo et al [66] also identify the
occurrence of (v) ngering after the spreading phase. Moita et al [67] and Riobo et
al [66] have identied splashing or disintegration mechanisms of impacting droplets
as: (i) prompt splash, (ii) corona splash, (iii) receding breakup, (iv) nger breakup,
and (v) partial rebound.
Prompt splash is the disintegration mechanism that is usually used as the crite-
ria between spread and disintegration limits. This prompt splash which takes place
within the rst instants after impact is dominated by inertial forces with roughness-
amplitude playing an important role. In some cases, splashing occurs after the forma-
tion of a crown as shown by Rieber et al [68] and Trujillo et al [69]. Prompt splash
occurs when the inertial forces overcome capillary forces as expressed by equation
(2.9).
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Furthermore, Stow et al. [70] and Mundo et al. [71] proposed a dimensionless
splashing parameter dened by equation (2.10).
C = A:Oh
a:Web (2.10)
It is worth noting that for particular impact conditions, it is possible to neglect the
Ohnersoge number in equation (2.10), making the splashing parameter a function of
Weber number only. The correlation (2.10) does not take into account the mecha-
nisms when a droplet impinges onto a rough surface. The role of surface roughness
makes it dicult to establish a unique general criterion C for all the disintegration
mechanisms. Cossali et al [72] tried to overcome this problem by proposing a variable
splashing parameter dependent on dimensionless roughness.
Roisman et al [73] studied the impact of individual droplets on a liquid lm
nding that impingement behavior depends on Weber number of the droplet and
thickness of the liquid lm. . Droplet impingement exhibit the following behaviors:
- Deposition and coalescence of the droplet over the lm at low Weber numbers
(We < 10).
- Crater formation on the liquid lm at the point of impact of the droplet when
the droplet impinges at moderate Weber numbers (10 < We < 300).
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- Formation of symmetric or asymmetric corona splash at moderate-medium We-
ber numbers (We > 300).
- Film uctuations causing the destruction of the splashing crown.
- Film jetting with subsequent breakup.
The thickness of the lm also inuences the droplet impact depending not only
on the relationship of the thickness of the lm to the droplet diameter but also on the
ratio of roughness amplitude RND to lm thickness. Tropea et al. [74] distinguishes
four categories of droplet impact on a lm based on lm thickness as follows:
- Very thin lm: when the lm is on the order of magnitude of the surface
roughness amplitude. In this case the droplet behavior depends on surface
topography.
- Thin lm: when the ratio of lm thickness to droplet diameter is less than 1.5.
The dependence of droplet impingement behavior on surface roughness becomes
weaker.
- Thick lm: when the ratio of lm thickness to droplet diameter is between 1.5
and 4. Droplet impact is only dependent on thickness of the lm.
- Deep pool: when the ratio of lm thickness to droplet diameter is larger than
4. Droplet impact is independent of surface topography and lm thickness.
Spray impingement phenomena becomes more complex with variations of surface
temperatures with a strong dependence on the ratio of time scales of momentum
and heat transfer time scales. Several researchers [75, 76, 77, 78] have taken the
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approach to study single droplets in order to incorporate thermal induced eects on
the hydrodynamics mechanisms of single droplet impact.
Dierent heat transfer regimes have been associated with the temperature de-
pendence of droplets deposited onto a hot surface or with the droplet lifetime. Four
regimes similar to pool boiling are identied based on surface temperature (TW ):
- Single phase lm evaporation (TW < Tsat): Heat transfer mechanisms are mainly
driven by conduction and convection without phase change.
- Nucleate boiling (Tsat < TW < TCHF ): Heat transfer with multiphase phenom-
ena which increases with surface temperature up to a maximum at the Critical
Heat Flux Temperature (TCHF ).
- Transition boiling (TCHF < TW < TLeidenfrost): An insulating vapor layer at the
liquid-solid interface is formed which reduces heat transfer down to a minimum
at the at the Leidenfrost temperature.
- Film boiling (TW > TLeidenfrost). The vapor layer becomes stable, and the
main mechanisms of heat transfer are conduction through the vapor layer and
radiation.
In the single phase and nucleate boiling regimes, the contact between solid and
liquid phases is permanent which correspond to a wetting regime from the hydrody-
namic viewpoint. In the transition regime, the contact is intermittent, while the lm
boiling regime corresponds to a non-wetting regime.
Extensive research [79] has been performed to determine the departure of the
limiting temperatures (TCHF and TLeidenfrost) of the heat transfer curve from the
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pool boiling case and the parameters that have an eect on such departure. Several
research works [80, 81, 82] have reported that droplet diameter has negligible eects
on limiting temperatures. Nishio et al. [83] found an increase in TLeidenfrost with
droplet. The eect of velocity is not clear with contradictory results. Nishio et al. [83]
reported negligible eect of droplet impact velocity for velocities lower than 5 m/s,
while other groups reported a decrease [84] or increase [85, 86, 87] of TLeidenfrost at
moderate velocities. The Leidenfrost temperature TLeidenfrost increases with surface
roughness [88],and impact angle [85]. Critical Heat Flux temperature (TCHF ) is
relative insensitive to impact conditions [79, 89].
A general representation of the droplet impingement regimes taken into account
surface temperature provides a qualitative description of the eect of surface tem-
perature on impingement phenomena. Figure 4 depicts the dierent impingement
modes as described by Bai et al. [65] and Rein [90] based on Weber number and
surface temperature (TW ). The regimes are quite complex because the hydrodynamic
and thermal eects are conjugated. The common approach to study the regimes has
been to perform experimental studies by varying dierent parameters such as liquid
properties, wettability, and impact angle.
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(a)
(b)
Fig. 4.: Representations of Impact Regimes. a)Adaptation from Bai et al. [65],
b)Adaptation from Rein [90]
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E. Identication of Gaps in Current Knowledge Base
Several mechanisms [4, 5] have been proposed to explain heat transfer enhancement
in spray cooling when compared to pool boiling. The main mechanisms routinely
proposed include: forced convection caused by droplet impingement on the surface,
evaporation from the thin-lm surface, nucleate boiling, and secondary nucleation.
However, due to the inherent complexity of spray cooling, these mechanisms are not
completely understood since it is dicult to isolate them. The dependence on many
parameters that are not easily adjusted independently have hindered the understand-
ing of the physics of spray cooling.
In the parametric study conducted by Navedo [37] and Chen et al. [91], three
parameters were studied namely: velocity, frequency and diameter of droplets. In
the study, spray with large velocity, low number of droplets with large diameter was
found to be more eective than sprays with low velocity, large number of droplets
with small diameter. The conclusions reached by Chen and Navedo are opposite of
those reached by Estes et al. [39].
Some other variables studied such as lm thickness have only been studied to a
limited extent. Yang [43] measured the maximum lm thickness in the entire lm.
Pautsch et al. [51, 92] used a methodology [93] that require complete knowledge of
the diraction coecient above the heat transfer surface and neglected the possibility
of having vapor bubbles within the liquid lm. The presence of secondary-nucleation-
induced bubbles [46, 44, 94] which have appeared in sprays even without heat transfer
would make an estimation of the diraction coecient of a lm dicult. Other factors
studied include surface roughness which have produced contradictory results. Ortiz
et al. [38] observed an improvement in CHF at larger surface roughness values while
Pais et al. [35] reported the opposite behavior.
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Most of the studies in the area of droplet cooling have focused on characterizing
critical heat ux (CHF) as a function of droplet stream parameters under the as-
sumption of uniform surface temperature. No eort have been made to characterize
or dierentiate between heat transfer behavior at the zone of impact of the droplets,
and at the liquid lm that surround droplet impact zone. Furthermore, some of
these studies [58, 61, 59] estimate crown diameter of the impact zone by using the
correlation developed by Yang [55] which tends to overpredict experimental values
by as much as 31.5% [62]. Accurate crown diameter measurements are necessary to
understand the relationship between droplet impingement and surface cooling.
The parametric studies [60, 62] performed on droplet cooling have compared
results of single and multiple streams as in the case of Sheeld [60]. In the case of
Sellers [62], the studies were performed using only one orice plate making it impos-
sible to vary independently other parameters for a monodispersed droplet streams.
Even in the case that they would have varied the main parameters of the droplet
stream, the surface temperature measurement methodology, which consisted of us-
ing embedded thermocouples in heating elements, would have limited the assessment
and understanding of the key heat transfer mechanisms in the zone of impact of the
droplet.
Most of the experimental work focused on studying the impact zone have been
done for the case of individual droplet [75, 76, 77, 78, 80, 81, 82, 85, 86, 87] which
relied on the use of thermocouples to characterize surface temperature, and studying
hydrodynamic phenomena using high speed imaging. The focus of these eorts have
been in applications such as fuel injection systems with surface temperatures in the
range of Leidenfrost temperature.
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CHAPTER III
EXPERIMENTAL APPARATUS DESCRIPTION AND EXPERIMENTAL
METHODOLOGY
In this section, the description of the experimental set-up which was designed and
constructed to achieve the objectives of the project will be presented. Additionally,
the methodology used to calibrate the experimental set-up will be discussed.
In order to achieve the proposed objectives of the research project, an experimental
setup was designed, built, and calibrated. The experimental set-up consisted of three
main systems, namely: uid delivery system, heater system and a data acquisition
system as shown in Figure 5. The uid delivery system comprised of a syringe pump,
heat exchanger, chiller, droplet generator head, and a frequency generator. The heater
system consisted of a power supply, and heater assembly. The data acquisition sys-
tem consisted of an infrared camera, high speed camera, PC, and an electronic data
acquisition system.
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Fig. 5.: Experimental set-up. 1) frequency generator, 2) backlight illuminator, 3)
droplet generator head, 4) high speed camera, 5) syringe pump, 6) heat exchanger,
7) chiller, 8) infrared camera, 9) power supply , 10) pc and data acquisition system,
and 11) heater assembly
A. Fluid Delivery System
The production of a stream of mono-dispersed sized droplets was achieved using
a piezoelectric droplet generator. The uid was delivered by a syringe pump and
disturbed by high frequency vibrations taking place in the piezoelectric electric crystal
attached to the orice plate. An orice plate with a 150 m orice was used to produce
the desired droplet stream. The plate was constructed on a heavy substrate of BeCu
with a thin layer of Ni where the orice was etched. Induced vibrations caused the
controlled breakup of liquid jets by the Rayleigh breakup mechanism. Square waves
at high frequencies were controlled and delivered by a frequency signal generator (BK
Precision Model 4011A). The set up was able to generate a monodispersed stream of
droplets ranging from 50 to 350 m, with exit velocities ranging from 1 to 30 m/s.
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A view of the impinging droplets captured in ight is shown in Figure 6.
In this research work, 3M Novec Engineered Fluid HFE-7100 was chosen as a
coolant. HFE-7100 is a clear, colorless, non ammable and low-odor dielectric uid
with low toxicity and favorable environmental properties. It is ideal for use in a
variety of heat transfer applications, and it is compatible with most electronic com-
ponents. It is being used for direct contact cooling of computers, transformers and
fuel cells. Appendix A list the most important properties of HFE-7100.
(a) (b)
Fig. 6.: Droplet streams. a) Single (d= 318 m, f= 2,970 Hz.), b) Triple (d= 235 m,
f= 7,320 Hz.)
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B. Heater System
The heater was made by coating a 0.787 mm thick Zinc Selenide (ZnSe) substrate
with a surface quality of 60-40 with a thin layer of Indium Tin Oxide (ITO) of
approximately 100 nm in thickness to obtain a resistance of approximately 50 
=sq.
ZnSe was chosen due to its good transmissivity in the optical range, from 0:4 to
0:7 m, and in the infrared range, from 1 to 13 m. ITO was chosen mainly for
its very high transmissivity in the optical range as well. Combined ZnSe and ITO,
provided high transmissivity in the optical range which is compatible with other
optical experiments; and exhibits good infrared transmissivity through the bottom
part of the ITO coating which is compatible with infrared thermography.
The dimensions of the heater are 15 by 10 mm (see Figure 7). Two wires were
attached to the heater surface using a silver-based electrical conductive epoxy to pro-
vide electrical connectivity between the power supply and the heater. Once the wires
were attached, the usable area was about 0.9 cm2.
Fig. 7.: Heater schematic
The assembly of the heater was attached to a Teon® holder using an optical
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grade epoxy. The droplets always impinged the heater on the ITO coating side.
Power was supplied using a 1500 W power supply (Lambda GEN600-2.6). The
power supply was controlled by a PC through serial port communication using Mi-
crosoft Hyper Terminal version 5.1. The estimated uncertainty in heat ux measure-
ment was 1.24 W=cm2. An estimation of heat ux uncertainty is provided below.
A schematic representation of the temperature measurement set up is depicted in
Figure 8.
Fig. 8.: Heater set-up: 1) Holder; 2) Optical Grade Epoxy; 3) ITO Coating; 4) ZnSe
Substrate; 5) Copper Wire; 6) Electrical Conductive Epoxy
Temperature was measured using an infrared camera (FLIR A325) located be-
low the heater. The infrared camera with a resolution of 320 x 240 pixels was able
to collect data at a frequency of 60 Hz. The temperature range of the camera was
between 0 and 350 . The camera was used with a close up lens (Model AT197215)
with a spatial resolution of 100 m, and FOV (eld of view) of 32 x 24 mm. The IR
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camera was connected to a PC through an Ethernet connection, and controlled using
ExaminIR package from FLIR. Analysis on the temperature readings indicated an
uncertainty of  1:6 at 55 , and  0:8  for measurements at 40  as described
below. Figure 9 shows samples of infrared images for one-stream and triple-stream
droplet impact zones.
(a) (b)
Fig. 9.: Infrared images of impinged droplets. a)single stream, b) triple streams
C. High Speed Imaging System
The imaging system consisted of a high speed Photron SA3 camera capable of record-
ing images at 1,000 frames per second (fps) at a resolution of 1,024 x 1,024 pixels,
and up to 60,000 fps at a reduced resolution of 128 x 16 pixels. High magnication
zoom lenses (zoom 6000 series lens Navitar) were used with the system. These lenses
were capable to work with coaxial and backlight illumination, and attachments that
could be used to provide the required magnication to be able to observe individual
droplets at a magnication of 18X. A magnication of 0.35X was used to capture the
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total dimension of the lm.
Images of the droplets were obtained with the high speed camera (see Figure
6) using backlight illumination at the proximity of the heater surface. The Image
Analysis Tool from National Instruments was used to measure the projected vertical
surface area of each droplet which in turn was used to compute droplet diameter. A
magnication of 1.5 m/pixel was used for droplet measurement with a correspond-
ing uncertainty value of 7.5 m in diameter. These values were compared to the
theoretical values given by (3.1):
dd =

6Q00
f
1=3
(3.1)
Images of crown diameter upon impact were obtained using two approaches.
First, direct images from above were obtained by inclining the high speed camera
35 degrees. Second, images were also obtained by placing a 45 degree mirror below
the heater and illuminating the heater from above. Figure 10 shows images obtained
from both methodologies. A magnication of 5:88 m=pixel was used. An estimated
uncertainty of  4 pixels was considered for crown diameter measurements. The value
of crown diameter measurement uncertainty was estimated to be 24m.
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(a) (b)
Fig. 10.: Crown formation images. a) above, b) below
D. Film Thickness Experimental Apparatus
A total internal reection technique [92, 93] was used to measure lm thickness in-
side the crown formation due to droplet impingement. The technique consisted on
measuring the diameter (with and without liquid lm) produced by the rst fully
reected light ray coming from a laser light source underneath the heated surface.
The measured diameters were used in combination with the Fresnel equations (??) to
determine the lm thickness above the surface. Figure 11 shows the path followed by
the rst fully reected ray and denes the relevant geometric relations for cases with
and without lm above the surface. The rst fully reected light ray occurs at the
critical angle between the liquid and air interface when there is a liquid lm above the
surface (cvl). In the case of a dry surface, it occurs at the critical angle between the
solid wall and air (cvs). The Fresnel relation for the liquid and air interface critical
angle is given by Equation (3.2). Equation (3.3) denes the Fresnel relation for the
solid wall and air interface.
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cvl = arcsin
nv
nl
(3.2)
cvs = arcsin
nv
ns
(3.3)
(a)
(b)
Fig. 11.: Dimensions denitions for lm thickness measurement methodology. a)
without liquid lm, b) with liquid lm
By measuring the diameters of the ring produced by the diraction of light with
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uid and without uid, variables c and b are easily determined (see Figure 11). It
can be shown that the thickness of the lm can be obtained using Equation (3.4).
tl =
c
tan cvl
  b
tan cvl
(3.4)
where:
b = tw tan cvw
The light source for lm thickness determination was a 10 mW laser (Lasiris ) which
emits a green ray with wavelength of 532 nm focused at the center of the droplet
impingement zone. The bottom part of the heater was covered by a thin opaque
coating to avoid reection at this interface. The imaging system consisted of a high
speed Photron SA3 camera capable of recording images at 1,000 frames per second
(fps) at a resolution of 1,024 x 1,024 pixels, and up to 60,000 fps at a reduced resolution
of 128 x 16 pixels. High magnication zoom lenses (zoom 6000 series lens Navitar)
were used with the system with a 0.5 X lens attachment. It is worth noting that
since this technique requires knowledge of the refraction index of the lm above the
surface, it is only suitable for measuring lm thickness where no vapor or air bubbles
are present [93].
The total internal reection technique was further validated by measuring the
thickness of the heater using the described technique and comparing the results with
readings of a high precision micrometer. Measurement with micrometer was 787:4
12:7 m, the refractive index technique resulted in 779:8 m. Also, results of this
technique were used to measure lm thickness outside the crown formation without
heat transfer were compared with the laser induced uorescence technique (LIF)
which has been previously used for measuring lm thickness for falling lms around
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a cylinder [95]. In this technique, a cross section of the impact zone of the impinging
droplet was illuminated using a laser sheet which makes the free surface visible. The
light source was a 10 mW laser (Lasiris ®) emitting a green ray with wavelength of
532 nm. Line generators with fan angles of 1 and 5 degrees were used to produce
the laser sheet. The cooling uid (HFE-7100) was mixed with a uorescent -red nile-
dye in a concentration of 5 mg per 100 ml of uid. The mixture is later ltered
using a 20 m membrane lter. The high speed imaging system was used to obtain
images of the illuminated section at a small inclination in order to be able to see
inside the impact zone at a velocity of 60 frames per second. Pixels resolutions
of 1:3 m were used in the system. The average result of lm thickness obtained
with the LIF technique was 70 to 100 m compared with the total internal reection
technique which provided thickness values between 80 to 90 microns. In summary the
total internal reection lm thickness measurement technique yielded much greater
lm thickness accuracy than the other two techniques. The lm thickness results
are presented in Chapter IV which are used to understand the main heat transfer
mechanisms taking place inside the droplet impingement zone.
E. Temperature Measurement
In infrared thermography [96, 97], the temperature of an object is obtained by mea-
suring irradiance W (W=str   m2). The temperature of interest in this particular
setup is measured at the interface of ZnSe substrate and ITO coating. Figure 12
shows a schematic of the ve irradiance components received by the IR camera when
a thin lm heating element is attached to translucent substrate in the IR range.
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Fig. 12.: Schematic of temperature measurement device using ZnSe and ITO coating
as heater
The irradiance components in this case are:
1. Irradiance from surroundings reected on substrate surface, and transmitted
through ambient air.
2. Irradiance from surroundings transmitted through the substrate, reected on
ITO coating and transmitted through ambient air.
3. Irradiance emitted by ITO coating transmitted through substrate and ambient
air.
4. Irradiance emitted from substrate, and transmitted through ambient air.
5. Irradiance emitted by ambient air.
The total irradiance received by the IR camera from each of the components can
be expressed as follows:
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Wtot =subatmWsurr + subobjsubatmWsurr + "objsubatmWobj
+ "subatmWsub + "atmWatm
(3.5)
It is assumed that the irradiance from the substrate can be represented by irradiance
of the object and dierence irradiance:
Wsub =Wobj +Wdiff (3.6)
Inserting Equation (3.6)in Equation (3.5), the following expressions is obtained:
Wtot =(sub + sub obj sub) atm Wsurr + ("obj sub + "sub) atm Wobj
+ "atm Watm + "sub atm Wdiff
(3.7)
Emissivity of the substrate (ZnSe) can be estimated based on transmissivity property
data of ZnSe and the assumption that ZnSe behaves as a gray body in the wavelength
range of interest (8 to 12 m). Transmissivity of a ZnSe window with a thickness of
1.5 mm with antireective coating is above 0.90. Assuming a perfect coating with
zero reectivity, the emissivity value is in the order of 0.04. Emissivity is even lower
in the case of a non-perfect coating.
The irradiance dierence term is the dierence between irradiance of the object
(ZnSe - ITO interface) and the ZnSe surface. Irradiance is a function of absolute
temperature, and its value is proportional to the dierence of absolute temperature
of the two objects. In the case of the setup having a substrate with a thickness of 1.2
mm, it is safe to assume that the dierence of temperature between the two surfaces
is very small. This fact means that the irradiance dierence term is very small too.
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Based on the fact that emissivity of the substrate and the irradiance dierence
term are very small, it is safe to ignore the last term of Equation (3.7)
eq = (sub + sub obj sub) (3.8)
"eq = ("obj sub + "sub) (3.9)
As a result, Equation (3.7) can be modied as follows:
Wtot = eq atm Wsurr + "eq atm Wobj + "atm Watm (3.10)
Equation (3.10) represents the total irradiance received by the IR camera from a
single opaque equivalent surface. Taking into account the above assumptions, the
main irradiance components are as follows:
1. Irradiance from surroundings reected on an equivalent surface, and transmitted
through ambient air.
2. Irradiance emitted by equivalent surface and transmitted through ambient air.
3. Irradiance emitted by ambient air.
For the experimental cases tested, the following assumptions were found to be
valid.
1. At any surface, all energy is absorbed, reected or transmitted (Equation (3.11)).
2. For small temperature ranges, it is safe to assume that the object is a graybody,
which means that it is possible to assume that emissivity and absorptivity of
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the equivalent surface are the same and constant in the wavelength of interest
(Equation (3.12)).
3. The surface subject to measurement is opaque which means zero transmissivity
in the wavelength of interest (Equation (3.13)).
4. Ambient air is also considered to be a graybody and its reectivity is assumed
to be zero (Equations (3.14) and (3.15)).
1 =  + +  (3.11)
eq = "eq (3.12)
eq = 0 (3.13)
atm = "atm (3.14)
atm = 0 (3.15)
The above assumptions simplify Equation (3.10) as shown below (Equation (3.16)):
Wtot = "  Wobj + (1  ")  Wsurr + (1  )Watm (3.16)
The sensor of the IR camera receives radiation energy according to Equation (3.16).
The irradiance received by the sensor is converted to an output signal (volts). The
output signal received by the detector is amplied and converted electronically into a
digital value D (units = digital counts). The digital readings of the camera (D) and
the irradiance (W) are related according to the following equation:
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Dtot = A+B Wtot (3.17)
where:
A = Constant taking into account internal irradiance eects of the camera
B = Constant taking into account detector response to irradiance
Constant A is a xed response of the sensor due mostly to the heat generation of
electronic components inside the camera. Constant B represents the linear response
of the camera to incoming irradiance. The higher the value of constant B is, the more
sensitive the camera becomes.
In the case of a blackbody, irradiance and absolute temperature are related
through the Planck function in which the irradiance varies exponentially with tem-
perature. A good approximation of the absolute blackbody temperature as a function
of irradiance is the following:
Ttot = F +G ln(Wtot) (3.18)
where:
F and G are constants used to represent the Planck Function.
Equations (3.17)and (3.18) are combined in order to obtain an expression that
relates absolute temperature with the digital reading (counts of the camera) as follows:
Ttot = A
 +Bln(Dtot) (3.19)
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where:
A = constant to account for internal eects of the camera.
B = constant to account for detector response of the camera.
The calibration constants A and B are obtained by measuring the camera
response to a series of blackbodies at dierent temperatures and using regression
method for data tting. It is worth to notice that this calibration was performed
by the camera manufacturer using NIST-traceable calibrated blackbody sources and
thermocouples.
In order to obtain the surface temperature of an object, Equations (3.16) and
(3.17) were combined and solved for the equivalent digital reading of the object (Dobj)
as follows:
Dobj =
1
" 
Dtot   1  "
" 
Dsurr   1  
" 
Datm (3.20)
Combining equations (3.19) and (3.20), it is possible to obtain an expression for
the temperature of the object expressed as a function of the digital value from the
camera, and average temperatures of the surroundings and ambient air as shown in
Equation (3.21):
Tobj = A
 +Bln

1
" 
Dtot   1  
" 
e
Tsurr A
B   1  
" 
e
Tatm A
B

(3.21)
The digital value of the object is then used in Equation (3.21) to obtain the tem-
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perature of the object. Equation (3.21) is embedded in the software of the camera
(Examin IR), which needs surround and ambient air temperatures, emissivity of the
object, and transmissivity of ambient air. The software of the camera Examin IR
has an embedded algorithm to calculate transmissivity of ambient air using relative
humidity of air, temperature, and distance from object to the camera. It is worth indi-
cating that at small distances and laboratory conditions, transmissivity is considered
to be equal to one.
F. Emissivity Measurement and Uncertainty Analysis
In this research, standard ASTM E1933 \Standard test methods for measuring and
compensating for emissivity using infrared imaging radiometers"[98] was used to
measure emissivity of the equivalent surface. ASTM E1933 methodology to mea-
sure emissivity using a reference material of known emissivity can be summarized as
follows:
1. Measure the digital reading of the irradiance from surroundings where the tem-
perature measurement will be performed (Equation (3.19) applied to surround-
ings). This was done by placing a reective foil over the surface to be measured
and recording digital counts. The reective foil would suppress the irradiation
from the object reaching the camera only allowing reection from the surround-
ings to reach the camera. Due to the small distance between the camera and
the object, the eect of ambient air is negligible.
2. Apply a coating of known emissivity to a small section of the surface of the ITO
heater.
3. Heat the object so its temperature is at least 30  above the temperature
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of the surroundings. Measure both the number of irradiance counts from the
target and object of known emissivity.
Using this methodology, the emissivity can be calculated using Equation (3.22)
where D represents the digital reading of the camera in number of counts [96]. Note
that Dref refers to the total digital value measure of the reference object.
"obj =
Dtot  Dsurr
Dref  Dsurr "ref (3.22)
The emissivity of the equivalent surface was found using the above mentioned
methodology. The reference material was placed on the ZnSe surface to determine its
emissivity. The heater and reference material were placed in a laboratory oven for 3
hours at three dierent temperatures. The reference used for this measurement was an
electrical vinyl tape Super 88 with a known emissivity value of " = 0:95  0:05 . The
IR camera was focused on the interface ZnSe-ITO layer. The calculated emissivity
values at dierent temperatures are listed in Table I.
Table I.: Emissivity values of equivalent surface at dierent temperatures
Temperature  Emissivity "
74 0.790
52 0.798
45 0.798
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Driggers [96] used the Kline-McClintock [99] methodology to compute the error
propagation in emissivity measurement. The proposed expression is Equation (3.23).

"eq
"eq
2
=
vuut"ref
"ref
2
+ 2D2
 
1
(Dtot  Dsurr)2
1
(Dref  Dsurr)2
!
(3.23)
The uncertainty value of the counts readings was found by computing the standard
deviation () of statistically signicant readings of the uniform target. Assuming
a normal distribution of the measurements, a range of three-standard deviations
(3 ) gives a probability of 99.7% that the result lies within the range. Applying
equation (3.23), the emissivity uncertainty of the equivalent surface was found to be
0:792  0:43.
G. Temperature Measurement Uncertainty Analysis
The rst step required to compute the temperature uncertainty of the camera was
to plot the apparent temperature (done when the object emissivity was set to one),
and the counts digital readings of the camera over a temperature range of interest
(Figure 13). Using the least squares method and Equation (3.18), the values of the
calibration constants of the camera (A and B) were found be A =   1014:8 and
B = 104:97.
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Fig. 13.: Apparent surface temperature vs. digital counts
Using Equation (3.18) and the Kline McClintock methodology [99], the temper-
ature uncertainty was foundusing the following Equation(3.24):
T =
B Deq
Deq
(3.24)
The uncertainty of the digital value of the equivalent surface (Deq) cannot be ex-
pressed directly, instead, it is expressed as a function of the background, ambient air
and total readings (as stated in Equation (3.24)). At small distances between the
camera and target, the eects of water vapor in ambient air are considered negligible.
In those cases, it is safe to assume that atm = 1 and atm = 0; then Equation (3.24)
is transformed to:
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T =
B
Dtot   (1  "eq)Dsurr"
D2tot +D
2
surr (1  "eq)2 +"2eq
 Deq +Dsurr
"eq
2#1=2 (3.25)
Dtot was obtained by taking readings of the object using digital counts mode.
On the other hand, Dsurr was obtained by taking readings at the target location
covered with a reective foil as indicated previously. The uncertainty values of the
digital readings were obtained by computing the standard deviation of statistically
signicant samples of the total and surroundings (Dtot andDsurr) as it was done in the
case of emissivity uncertainty measurement. Applying Equation (3.25) using three
dierent digital reading values of the equivalent surface, representing three dierent
temperatures results in the following temperature measurement uncertainties listed
on Table II.
Table II.: Temperature uncertainty at dierent temperature values
Temperature () Temperature Uncertainty ()
30 0.5
40 0.8
55 1.6
The variation of uncertainty is due to an increment of the dierence between
Dtot  Dsurr as represented by the third term in Equation (3.25). If emissivity had a
deterministic value, the values of uncertainty would become  0:06 at an apparent
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temperature of 55 .
Besides conducting an uncertainty analysis of temperature measurement, vali-
dation experiments were conducted using a thin lm thermocouple attached to the
backside of the heater to obtain temperature readings along with the IR camera.
Power was applied to the heater and surface temperature was monitored using the
IR camera and the attached thermocouple (TC). Once steady state conditions were
reached, readings of the IR camera and attached thermocouple (TC) were taken. At
low temperatures, the dierence between the readings was low. The dierence be-
tween TC and IR readings increased with temperature due to the cooling n-eect
of the thermocouple. Table III shows the results of the validation test.
Table III.: Temperature measurement validation results for heater test
Thin Film Thermocouple () Infrared Camera ()
25.5 25.8
36.0 37.2
42.0 44.2
49.1 52.1
A second validation procedure using an oven to ensure isothermal conditions was
also performed. A ceramic thermal insulator with a thin-lm type T thermocouple
attached to it and covered with a tape with of known emissivity (" = 0:95) was used
as the experimental sample. Once the entire sample reached isothermal condition, the
sample was quickly taken out of the oven and infrared images and TC readings were
taken simultaneously. The dierence between IR camera and attached thermocouple
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readings were less than 1.0  in the four cases. The results of the comparison are
presented in Table IV.
Table IV.: Temperature measurement validation results using an oven
Thin Film Thermocouple () Infrared Camera ()
33.8 33.7
38.0 37.2
46.1 45.9
60.0 59.0
Sellers [62] performed a similar validation experiment of surface temperature
using a thin lm heater. An infrared radiometer system (ThermaCAMTM by In-
frametrics) was used to validate the readings of an array of thin-lm thermocouples
located 2.54 mm below the surface of the heater. The heater was tested for temper-
atures in the range of 25 to 130 . The dierence in temperatures readings between
the infrared camera and the thin-lm thermocouples was less than 4  in those
experiments.
An experiment was performed with the objective of providing verication of
temperature measurement technique for pool boiling.
The set-up was similar but used but with a silicon heater. The heater was made
by coating the polished side of a 300 m thick silicon wafer with a thin layer of
ITO (Indium Tin Oxide). The dimensions of the heater were 20 x 14 mm, but the
usable part of the heater was 11 x 14 mm after being connected to power ( copper)
wires. Two copper wires were attached to the heater surface using a silver-based
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electrical conductive epoxy to provide electrical connectivity from the power supply
to the heater. The assembly of the heater was attached to a Teon holder using an
optical grade epoxy. A transparent holder piece was glued to the substrate, in order
to have a column of uid above the heater.
The power was supplied by a 1500 W power supply (Lambda GEN600-2.6).
The power supply was controlled by a PC through serial port communication using
Microsoft ® Hyper Terminal version 5.1. Temperature was measured using an
infrared camera (FLIR A325) located below the heater. The infrared camera had a
resolution of 320 x 240 pixels and was able to collect data at a frequency of 60 Hz.
The temperature range of the camera was 0 - 350 . The camera had a close up lens
(Model AT197215) with a spatial resolution of 100m, and eld of view (FOV) of 32
x 24 mm.
An amount of uid of about 60 ml was poured into the container. The height of
uid above the heater was approximately 4 cm. Power was applied and temperature
was monitored at the center of the heater until steady state conditions were reached.
Once temperature was oscillating by less than 0.5  for 2 minutes, temperature
measurements and high speed images were taken.
Table V provides the results for pool boiling tests performed. Mean Temperature
was the average of 199 IR frames (3.33 seconds at 60 Hz) in the Region of Interest
(box in the middle of the heater). Minimum and Maximum temperatures are absolute
minimums and maximums temperatures in the region of interest for the entire 199
IR frames.
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Table V.: Temperature measurement verication using pool boiling
Heat Flux Mean Minimum Maximum
Temperature Temperature Temperature
(W=cm2) ( ) (  ) (  )
3.9 41.6 40.7 42.7
4.9 50.0 48.9 51.2
6.6 58.3 57.0 59.6
8.0 64.0 63.9 65.7
9.0 65.83 63.73 67.19
The following observations can be made from the temperature measurement ver-
ication using pool boiling:
- Nucleation at the region of interest (ROI) was only observed at heat uxes of 8
and 9 W=cm2 when temperature were above 60 .
- In the case of heat ux of 6.6 W=cm2 (mean temperature of 58.3 ) no nucle-
ation was observed in the ROI, however some nucleation was observed nearby
the wire leads.
- In the case of heat ux of 4.9W=cm2 (mean temperature of 50) no nucleation
was observed.
- Dierence of maximum and minimum temperature in the zone of interest was
less than 4  in all cases.
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- There is a good agreement in the temperature measurements and nucleation
observation given the saturation temperature of HFE-7100.
The above ndings further validate that the devised IR thermal imaging tech-
nique provides accurate and reliable data for the analysis of droplet impingement
during surface cooling.
H. Heat Flux Measurement and Uncertainty Analysis
In the setup, there are three heat losses modes including (1) natural convection on
the both sides of the heater, (2) conduction through the holder, and (3) conduction
and then convection through the connecting wires. The three modes are driven by the
temperature dierence between the heater and surroundings. In this setup, the losses
are determined by keeping track of the amount of power needed to maintain a given
surface temperature on the heater while there is not liquid impacting the heater.
Heat losses were measured when no droplet impingement on the top part of the
heater was taken place. Average surface temperatures on the backside of the heater
were recorded after the surface temperature reached steady state. Figure 14 shows a
linear correlation between the power input and steady state wall temperature. It is
worth noting that the heat losses measured experimentally are in the order of 8 to 11
% of the total input power.
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Fig. 14.: Power input as a function of average surface temperature for ZnSe-ITO
heater
Equation (3.26) was used to compute heat ux while performing droplet impinge-
ment cooling experiments.
q
00
=
(Pin   qloss)
Ahtr
(3.26)
As indicated above, heat ux was imposed using a DC power supply connected to
the ITO heater to provide heat in-situ. The uncertainty associated with the calcula-
tion of heat ux can be found using the Kline McClintock methodology[99] as follows:
u2
q00 =

@q
00
@V
uV
2
+

@q
00
@I
uI
2
+

@q
00
@T
uT
2
+

@Qq
00
@A
uA
2
(3.27)
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The error associated with the measurement of voltage and current for power supply
GEN- 600-2.7 used in this experimental work according to manufacturers was:
uV=0.1 % reading+0.2 % rated output voltage
uI=0.1 % reading+0.4 % rated output current
Uncertainty values for voltage and current associated with measurement of max-
imum heat ux were found to be 1.2 V and 0.012 Amps, respectively. Applying the
above values of uncertainty to equation (3.27), the uncertainty associated to heat
ux measurement was found to be 1:24 W=cm2 which is approximately 4.8% of the
minimum critical heat ux obtained during the experimental work.
I. Crown Diameter and Film Thickness Measurement Uncertainty Analysis
National Instrument vision assistant was used for measuring the diameter of the
impact zone produce by droplet impingement under constant heat ux conditions.
For crown diameter measurement, a magnication of 5:88 m=pixel was used. An
estimated uncertainty of 4 pixels was considered for crown diameter measurements.
The value of crown diameter measurement uncertainty was estimated to be 12 m.
In the case of lm thickness measurement, the National Instrument vision assis-
tant was used. The magnication used was of 2:9 m=pixel providing a resolution of
2:2 m in lm thickness measurement if the refractive indexes of ZnSe and HFE-7100
were taken as deterministic. An uncertainty of 4 pixels was considered for crown
diameter measurements. The value of lm thickness uncertainty was estimated to be
 4:5m.
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J. Droplet Diameter Measurement and Uncertainty Analysis
The Image Analysis Tool from National Instruments was used to measure the pro-
jected vertical surface area of each droplet which in turn was used to compute droplet
diameter (see Equation (3.1)). A scale of 1:5m=pixel was used for these measure-
ments. The estimation of the diameter measurement uncertainty as follows:
udd =
@dd
@A
uA (3.28)
Applying equation (3.28), the uncertainty for droplet diameter measurement was
found to be  7:5m.
K. Droplet Velocity Measurement and Uncertainty Analysis
Droplet velocity was calculated according to Equation (4.6), in which L is the dis-
tance between droplets in micrometers and f is the input frequency from the function
generator.
Measurements of distance between droplets were performed at a magnication
of 4:5 m=pixel with a corresponding uncertainty of 20 m. Frequency uncertainty
from signal generator (BK Precision Model 4011A) was 10Hz. Uncertainty on ve-
locity measurements was then given by:
u2vd =

@vd
@L
uL
2
+

@vd
@f
uf
2
(3.29)
Application of Equation (3.29) resulted in a velocity measurement uncertainty of
 0:14m=s.
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CHAPTER IV
RESULTS AND DISCUSSIONS
This Chapter presents the experimental results obtained in this research eort. First,
droplet characterization data are given. Heat transfer results including critical heat
ux measurement for single and multiple streams are included. Characterization
data of the liquid lm formed by droplet impingement impact with and without heat
transfer are given including lm thickness and size of the crown formed by droplet
impact. A parametric study of the eects of Weber number (relation of inertial and
surface tension forces), and Strouhal number (dimensionless frequency) are presented
for the case of single stream.
A. Droplet Stream Results
Before running heat transfer experiments, the stream of droplets was characterized
to ensure a monodispersed stream was being produced by the piezo-electric droplet
generator. Also, droplet diameter, dd, as well as the drop velocity, vd, were measured
experimentally.
Limitations to the production of a monodispersed stream of droplets are rst
given by the ability to form a jet at the orice plate outlet. A minimum velocity is
necessary to form a jet which has been investigated before [100] and, it is expressed
by equation (4.1). In the case of HFE-7100, the lower limit of velocity from the jet
is 0.7 m/s which is obtained with 43 ml/hr. In this research work, the lower limit of
jet velocity is given by heat transfer demands of the heater to avoid dry-out conditions.
vj;min =

8
dj
1=2
; (4.1)
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Once that a stable jet is obtained, there is a range of imposed disturbance frequen-
cies (based on Rayleigh droplet break up theory) that induce well-spaced mono-sized
droplets. For a stream of droplets produced by the Rayleigh droplet breakup, Schnei-
der et al. [101] presented empirical results for water of a range of disturbance fre-
quencies (equation (4.2)) that would generate monodispersed stream of droplets.
vj
2:0(dj)
< f <
vj
1:1(dj)
; (4.2)
Schneider relationship (4.2) was used as a rst reference in determining experimen-
tally the range of operating frequencies that would allow the formation of monosized
droplet for each ow rate. The actual range of frequencies in which monodispersed
droplets were found are shown in Figure 15 for the case of single and triple streams
using an orice of 150 m and HFE-7100 as a uid instead of deionized water. High
speed imaging did conrmed that well-spaced monosized droplets were being gener-
ated when using disturbance frequencies between 2.2 and 13 kHz at dierent owrates,
as described below.
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Fig. 15.: Disturbance frequencies range
Measurements of droplet diameter and velocity were performed next. First, im-
ages of the droplets were obtained with the high speed camera using backlight illu-
mination at the proximity of the heater surface. A code using the Particle Image
toolbox of the Image Analysis Tool from National Instruments was used to measure
the projected vertical surface area of each droplet which in turn was used to compute
droplet diameter. A magnication of 1.5 m/pixel was used for droplet measurement
with a corresponding uncertainty value of 7.5 m in diameter [99]. These values
were compared to the theoretical diameter values given by equation (4.3) for the case
of 180 ml/hr in Table VI
dd =

6Q00
f
(1=3)
; (4.3)
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Table VI.: Diameter measurement case 180 ml/hr
Flow (ml/hr) Frequency (Hz.) dd Eq(4.3)m dd exp m % di
180 4,300 281 269 4.4 %
180 5,300 262 249 5.3 %
180 6,300 247 236 4.9 %
180 7,500 233.5 220 6.1 %
Also, images of the orice plates to be used during the experiments were char-
acterized using a Unitron MEC2 microscope series to make sure it had the right size,
shape and relative low roughness to ensure proper droplet formation. The images
were processed to obtain diameter of the orice plate using Micrometrics SE Pre-
mium version 2.9. The diameter of the jet was taken to be equal to the diameter
of the orice plates used which was later conrmed by high speed imaging. The jet
velocity for each experimental condition was determined using equation (4.4) once
the mass ow rate from the orice, _m, and the jet diameter, dj were known:
vj =
4 _m
d2j
; (4.4)
Equation (4.5) is derived based on the energy balance taking place before and
after the breakup of droplets in ight. Initial droplets velocities were calculated using
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Equation (4.5). Velocities obtained using Equation (4.5) were compared with the
measured velocities obtained by measuring the distance between droplet and mul-
tiplying it by the input frequency using (4.6). Measurements of distance between
droplets were performed at a magnication of 4.5 m/pixel with a corresponding un-
certainty of  20 m. Measurements of input frequency had an uncertainty of  10
Hz. The associated uncertainty with the velocity measurements was about  0.14
m/s [99]:
vd =

v2j  
12
Dens  dd
1=2
; (4.5)
vd = (Lf) ; (4.6)
The eect of drag on droplet velocity at the point of impact have been shown [102]
to be very low for closely spaced, monodispersed droplet streams (spacing less than 4
droplets diameters). All of the monodispersed stream tested in this research work ts
on the category of closely spaced, monodispersed droplet streams. As a consequence,
the initial droplet velocity is relatively similar to the impact velocity as shown on
Table VII.
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Table VII.: Velocity measurement
Flow (ml/hr) Frequency (Hz.) vd Eq(4.5) m=s vd Eq(4.6) m=s % di
180 4,300 2.80 2.90 3.6 %
180 5,300 2.80 2.70 3.6 %
180 6,300 2.79 2.83 1.4 %
180 7,500 2.79 2.85 2.1 %
The dierence of theoretical and experimental results on droplet diameter and
velocity is below 10%. A source of error on the experimental measurement could be
the use of a 250 W-lamp as a source of backlight illumination that could cause a
higher rate of evaporation of the stream of droplets on ight. For the remainder of
this dissertation theoretical values calculated using equations (4.3) and (4.5) will be
used as shown in appendix B and C.
B. Heat Transfer Results
The goal of the investigation was to measure surface temperature at a given heat ux
inside the crown formed by the impingement of droplets for single and triple stream
cases. Also, the maximum or critical heat ux (CHF) for a given set of parameters
was measured.
1. Individual Stream Results
At the beginning of each heat transfer experiment, the top surface of the heater was
cleaned using isopropyl alcohol and deionized water. The surface was then dried using
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a pressurized duster containing tetrauoroethane. The head of the droplet generator
was positioned in the Z direction (completely vertical) using a manual XYZ positioner
at approximately 5 cm from the surface of the heater. Power was applied with a
Lambda GEN 600-2.6 DC power supply. The voltage across the heater was increase
in small steps until reaching a steady state temperature of approximately 30 which
was recorded using the infrared camera.
After this step, the droplet stream was initiated and visually centered on the
heater surface using a manual XYZ positioner. At this point, humidity and ambient
temperature were monitored and recorded using a humidity temperature meter. Sur-
roundings temperature was monitored using a thin lm type T thermocouple attached
to the surface of the holder of the heater that was connected to the data acquisition
system (DAQ). Surface temperature was monitored at a region of interest within the
surface of the heater. Once the surface of the heater reached a steady temperature
value, 199 images at a frequency of 60 Hz. were recorded using the infrared cam-
era and corresponding software. The corresponding value of power supplied, relative
humidity, ambient temperature and surface temperature were used to calibrate IR
temperature values and to determine heat transfer rate.
The power supplied was incremented, surface temperature was constantly moni-
tored to ensure the integrity of the heater. The power supplied neat the critical heat
ux, CHF, was incremented in small steps of less than 1W=cm2. The power supplied
to the heater was stopped once the CHF conditions were reached. CHF was easily
recognized by the non-wetting behavior of the uid hitting the surface (see Figure 16),
and a sudden increase in surface temperature. The CHF was dened as the maximum
heat ux for which a thin lm of uid could be sustained on the surface of the heater.
After reaching CHF and shutting down the heater, images of the droplet stream were
taken in order to ensure that the stream was still stable and monodispersed.
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Fig. 16.: Start of critical heat ux
Heat ux, and surface temperature data collected during heat transfer exper-
iment were further processed. Heat ux data was adjusted to take into account
conduction heat transfer losses through the holder, and natural convection from the
bottom of the heater. Surface temperature was determined based on the average of
199 readings.
Figure 17 shows heat transfer results for the cases when individual droplet stream
impinge on the surface. In the abscissa, the average minimum temperature for each
case is presented. In the ordinate, the corrected heat ux value. The cases plotted
shown were for ow rates ranging from 120 to 280 ml/hr. Weber number was varied
from 87 to 598, while the Strouhal number is on 0.415 to 0.680 range. However, the
maximum variation of Weber number at a xed ow rate was 103 at a owrate 280
ml/hr; on the other hand, the variation of Weber number at 120 ml/hr was 20. One
point worth noting on Figure 17 is that heat transfer behavior is primarily a function
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of owrate showing that an increase in slope in the heat ux vs. minimum wall tem-
perature graph correlates well with ow rate (or number of same sized droplets per
unit time). From Figure 17 , Weber and Strouhal number do not have a clear eect
on heat transfer behavior when comparing within the same owrate.
Fig. 17.: Heat transfer results
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Only cases at 120 ml/hr exhibited maximum minimum temperature above the
saturation temperature of HFE-7100 at atmospheric temperature (61) before reach-
ing CHF. For all the other cases, the maximum minimum temperature was below
saturation temperature congruent with single phase cooling which is suspected to be
the main heat transfer mechanism at those owrates.
Figure 18 shows cross-sectional temperature proles in the case of a single droplet
stream at 120 ml/hr, droplet frequency of 2,730 Hz, Weber number of 107.5 and
Strouhal number of 0.430 impinging the heater surface. The temperature prole is
an average of 199 IR frames from the infrared camera of a line crossing through the
impact zone in a direction normal to the direction of the ow. The impact point of
the droplet coincides with the radial origin and with the lowest surface temperature.
Fig. 18.: Temperature prole 120 ml/hr, We=107.5, St=0.430
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Figure 19 shows the case of a single droplet stream at 280 ml/hr, 13,500 Hz., We-
ber number of 495, and Strouhal number of 0.681. Common features of these cases
(Figure 18 and Figure 19) include an increase of the temperature gradient (slope)
with respect to the point of impact at higher heat uxes. Also, a signicant reduc-
tion in the size of the thermal impact zone (i.e. impact crater) at higher heat uxes
is observed.
Fig. 19.: Temperature prole 280 ml/hr, We=495, St=0.681
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As part of the heat transfer experiments, the high speed imaging system was
used to observe impact of the droplets on the heater under three dierent heat ux
conditions, namely: no heat ux, low heat ux, and high heat ux. Low heat ux was
on the order of 8 to 9 W=cm2 after taking into account heat losses and illumination.
The condition of high heat ux was chosen to be near the point of CHF at 25 W=cm2
in the case of a owrate of 120 ml=hr to 43 W=cm2 in the case of a owrate of
280 ml=hr. The purpose of the high speed imaging visualization was to observe
impingement phenomena at the proper time scale given the high frequency of droplet
impingement, and to identify the corresponding impact regimes (i.e. spreading or
splashing).
Figure 20 shows images of the impact of a single droplet stream with a ow rate
of 120 ml/hr, 2,730 Hz. It is possible to see a smooth spreading of the droplet with a
radially outward expansion of the impact wave in the case of no heat ux (see Figure
20a). In the case of low heat ux, an increment of the height of the surrounding lm
is seen with the formation of a well dened crown (see Figure 20b). In the high heat
ux case (see Figure 20c) shows a further increase on surrounding lm height due to
bubble formation at the edge of the crown.
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(a) (b)
(c)
Fig. 20.: Stream impact 120 ml/hr, We=80. a)No heat ux, b) low heat ux, c)high
heat ux
Figure 21 presents still pictures of the impact of single stream of droplets at a
ow rate of 280 ml/hr with a frequency of 13,500 Hz. At no heat ux, the impact
of the droplet is more irregular as compared with lower owrates and corresponding
lower Weber numbers (see Figure 21a). It is also possible to identify some splashing
upon impingement of the droplet without a clear formation of a crown or crater zone.
In the case of low heat ux a small increment of the height of the surrounding lm is
observed and the formation of the crown becomes clearer than in the case of no heat
ux (see Figure 21b). The high heat ux case (see Figure 21c) shows a clearer crown
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formation with an increase of height of the surrounding lm. Bubble formation at
the edge of the crown formation is also observed but not as clear as in lower owrates
and Weber numbers.
(a) (b)
(c)
Fig. 21.: Stream impact 280 ml/hr, We=489. a)No heat ux, b) low heat ux, c)high
heat ux
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2. Triple Stream Results
As part of the study, the eect of adjacent droplet impingement on heat transfer was
also investigated. Research in the area of single droplet impingement to date has not
considered the eects of droplet impingement spacing which is fundamentally impor-
tant in the understanding of the physics of spray cooling. For this study, coherent and
simultaneous triple droplet impingement was characterized to understand its eects
on surface cooling.
In the case of triple streams experiments, the experimental procedure was similar
to the one followed with single streams. One main dierence was that the head of
the droplet generator was positioned in the Z (vertical) direction using a manual
XYZ positioner at approximately 2.5 cm from the surface of the heater instead of
5 cm. The reason was that the droplet streams separated 800 m from each other
becomes unstable at higher heights. Also, due to the higher ow rates involved in these
experiments, each experimental run required at least two consecutive experiments due
to the limited volume capacity of the syringe pump.
Figure 22 shows heat transfer results where triple streams impinges the heater
surface at a 540 ml/hr owrate. The range of droplet frequencies is from 7,200 to
8,700 Hz. In the cases tested the Weber number varies from 197 to 211. The Strouhal
number variation is from 0.611 to 0.705. The spacing between droplets shown was
400, 800 and 1,500 m. Maximum heat ux attainable ranges from 47 to 67 W=cm2.
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Fig. 22.: Heat transfer results triple streams at 540 ml/hr at dierent separation
values
Figure 23 shows heat transfer results where triple streams impinged the heater
surface at a owrate of 750 ml/hr. The droplet frequencies were varied from 8,000
to 11,000 Hz. In the cases tested, Weber number was varied from 404 to 452. The
Strouhal number variation was between 0.519 and 0.643. The spacing between adja-
cent droplets were 400, 800 and 1,500 m. Maximum heat ux was between 56 and
82 W=cm2 for triple streams only.
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Fig. 23.: Heat transfer results triple Streams at 750 ml/hr at dierent separation
values
One feature worth noting in Figure 17 and Figure 23 is that heat transfer behavior
is a strong function of droplet spacing. In both cases (Figures 17 and 23) heat
ux increased and surface temperature decreased with droplet spacing. Weber and
Strouhal number did not exhibit any signicant eect on heat transfer behavior.
All the triple stream cases exhibited maximum minimum temperature below the
saturation temperature of HFE-7100 (61) at atmospheric temperature (22) before
reaching CHF which is consistent with single phase cooling as the main heat transfer
mechanism at those owrates.
Figure 24 shows cross-sectional temperature proles at a droplet impingement
76
frequency of 7,200 Hz, with Weber number of 211 and Strouhal number of 0.611
impinging the heater surface. The spacing between droplets was 400 m. The tem-
perature prole consisted of the average of 199 IR frames of the impact zones of the
three droplet stream in a direction normal to the direction of the ow, with the center
of the central stream coincident with the origin. At this separation of the collinear
streams, the temperature prole was almost atten in the middle which made dicult
to identify the impact zone of each stream from the graph at low heat ux values.
Fig. 24.: Temperature prole triple stream at 540 ml/hr, We= 211, St=0,611, and
spacing= 400 m
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Figure 25 shows cross-sectional temperature proles when droplets impinged at a
frequency of 7,200 Hz., Weber number of 211 and Strouhal number of 0.611 impinging
the heater surface. The spacing between droplets was 800 m. At this separation, it
was possible to identify the impact zones of each droplet stream at higher heat uxes.
Also, a reduction of the size(crown diameter) of impact zone temperature prole at
higher heat uxes is noticeable.
Fig. 25.: Temperature prole triple stream at 540 ml/hr, We= 211, St=0.611, and
spacing= 800 m
Figure 26 shows cross-sectional temperature proles at 7,200 Hz., Weber num-
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ber of 211, and Strouhal number of 0.611. The spacing between droplets was 1,500
m. At this separation, the impact zone of each droplet stream are easily identiable
even at low heat uxes. It is worth noting that the right stream exhibits a higher
temperature than the middle and left stream due to its proximity to the dry zone of
the heater.
Fig. 26.: Temperature prole triple stream 540 ml/hr, We= 211, St=0.611, and
spacing= 1,500 m
High speed images were taken to observe droplet impingement on the heater
under three dierent heat ux conditions and spacings. The high speed camera was
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positioned at a 30 ° with respect to the horizontal. The condition of low heat ux on
the order of 20 W=cm2 with eects of the lamp and heat losses taken into account.
The high heat ux was near the point of CHF or about 45 W=cm2 in the case of
a owrate of 540 ml=hr with droplet stream spacing of 400 m, and 65 W=cm2 in
the case of a owrate of 540 ml=hr with droplet stream spacing of 1,500 m. The
purpose of this visualization was to observe impingement phenomena, interaction be-
tween droplet streams and identify the corresponding impact regimes.
Fig. 27.: Droplet stream impact at 540 ml/hr, spacing = 400 m with no heat ux
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Figure 27 shows an image of the impact of a triple streams of droplets with a
total ow rate of 540 ml/hr, 7,200 Hz., Weber number of 211 and Strouhal number
of 0.611, with a separation between streams of 400 m. Splashing and formation of
secondary droplets upon impact was observed (see Figure 27) even in the case of no
heat ux.
When the spray is too dense as in the case of droplet spacing of 400 m, there
is not enough space for crowns to develop and small secondary droplets are gener-
ated by the breakup of nger-like jets emerging from the lm [103]. In this case, the
uctuation of pressure produced lm uctuations which caused the breakup of jets as
explained by Roisman et al. [103]. The characteristic velocity and length uctuations
determine the velocity and size of secondary droplets. This case of minimum droplet
stream separation exhibits the worst performance from the heat transfer perspective
viewpoint.
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(a) (b)
(c)
Fig. 28.: Stream impact at 540 ml/hr, spacing=800 m. a)no heat ux, b) low heat
ux, c)high heat ux
Figure 28 shows images of the impact of triple droplet streams at a total ow
rate of 540 ml/hr, 7,200 Hz, Weber number of 211, and Strouhal number of 0.611,
with a separation between streams of 800 m. In all the three cases namely: no heat
ux (Figure 28a), low heat ux (Figure 28b), and high heat ux (Figure 28c); it is
possible to see three distinct impact craters with accumulation of uid and formation
of ridges with a height several times larger than the droplet diameter. No secondary
droplets or splashing can be seen in these cases. In this case, heat transfer exhibits a
better performance when compared to the case of smaller separation between droplet
streams.
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(a) (b)
(c)
Fig. 29.: Stream impact 540 ml/hr, spacing=1,500 m. a)no heat ux, b) low heat
ux, c)high heat ux
Figure 29 shows images of the impact of a triple streams of droplets with a total
ow rate of 540 ml/hr, 7,200 Hz., Weber number of 211 and Strouhal number of
0.611, with a separation between streams of 1,500 m. In all the three cases namely:
no heat ux (Figure 29a), low heat ux (Figure 29b), and high heat ux (Figure
29c); droplet spreading upon impact and a clear crater formation can be seen in each
droplet stream. This case exhibits the best heat transfer performance of all triple
stream cases.
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In summary, separation (spacing) between adjacent droplets plays a signicant
role on lm dynamics and surface heat transfer. It appears that crown formation
should not be disturb to achieve high heat ux rates. Moreover, optimal separation
(1; 500 m) allows for proper formation of each impact crown while ensuring enough
uid is in contact with the surface to provide sucient cooling.
C. Visualization and Film Thickness Results
The high speed imaging system was used to obtain horizontal images of the droplet
impact zone by placing a 45 degree mirror below the heater and illuminating the
heater from above. Figure 30 shows a high speed image obtained with this approach
for a single stream case at 180 ml/hr, 5,300 Hz, Weber number of 235, and a high heat
ux near to the CHF. Images were taken at a speed of 60 frames per second (fps),
the light source was located far from the heater with little eect on heat ux values.
An 0.5 X attachment was mounted on to the magnication lens of the camera, with
a working distance 175 mm which gave a magnication of 5:88 m=pixel. The value
of crown diameter measurement uncertainty was calculated to be  24 m.
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Fig. 30.: Image of crown formation from below
Table VIII gives values of an average diameter of the crown diameter. At low ow
rates, below of or equal to 210 ml=hr, it was possible to observe a crown formation at
all heat ux values. On regimes where splashing was observed, above of 210 ml=hr,
it was only possible to identify a crown formation at high heat uxes. From the
measurements, it was possible to detect an increase in crown diameter with ow rate.
A decrease in crown diameter with heat ux was also observed. The reduction is
crown diameter with heat ux can be attributed to two main factors: the vigorous
boiling process taking place outside the impact crown (i.e. greater inertia forces
versus surface tension forces) and thin lm evaporation. Both mechanisms can only
be explained better by knowing the eect of heat ux on crown lm thickness.
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Table VIII.: Single stream crown diameter (m)
Heat ux Crown diameter
(W=cm2) (m)
120 150 180 210 250 280
ml=hr ml=hr ml=hr ml=hr ml=hr ml=hr
0 1,898 2,145 2,349 2,710 3,176 na
9.5 1,357 1,573 1,826 2,038 na na
27 1,015 1,194 1,403 1,616 2,114 2,066
32 - 1,109 - - - -
37 - 1,227 1,450 1,729 1,896
40 - - - - 1,605 1,798
In the case of triple droplet streams, the formation of each crown is dependent
on the spacing between adjacent droplet streams. Figure 31 shows high speed images
for the case of a separation between droplets of 400 m which corresponds to a dense
spray case. In this situation, it is not possible to observe crown formations for all
individual streams. However, it is possible to observe a thin lm area surrounded by
a larger crown at higher heat ux values. Nevertheless, triple streams separated at
400 m exhibit poorer heat transfer performance than at greater spacing.
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(a) (b)
Fig. 31.: Triple stream visualization at ow rate of 540 ml/hr, separation between
droplets of 400 m. a)low heat ux (10 W=cm2), b) high heat ux (45 W=cm2)
Figure 32 shows high speed images where spacing between adjacent droplet
streams is 1; 500 m which corresponds to a sparse spray case. At this separation,
the interaction between adjacent droplets diminishes allowing individual and distinct
crown formations. As in the case of individual droplet streams, the diameter of each
crown reduces with heat ux. It is worth noting, that the middle crown stream shows
an elliptical shape due to the eects of the adjacent droplet induced crowns.
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(a) (b)
Fig. 32.: Triple stream visualization at ow rate of 540 ml/hr, separation between
droplets of 1; 500 m. a)low heat ux (10 W=cm2), b) high heat ux (55 W=cm2)
Film thickness measurements were obtained using a light diraction technique
as previously discussed in Chapter III. The camera speed was set to 60 frames per
second (fps) with a shutter speed of 1=60s obtaining a resolution of 3.6 m=pixel.
The values of refractive index for ZnSe for a wavelength of 532 m is 2.69. The eect
of a thin opaque coating on the bottom of the heater and the ITO coating on top were
negligible due to the thin thickness of each layer (in the order of mm for ZnSe, m
for the opaque coating, nm for the ITO coating). The refractive index for HFE-7100
for a wavelength of 589 m is 1.27.
Previous to each lm thickness measurement test, the droplet stream parame-
ters were set to the same values used for heat transfer experiments. The impact of
the droplet stream was made to coincide with the center of the ring formed by the
refraction of the laser light. The ring had a diameter of 625 m. This means that
all the diameters of light rings obtained were less than the crown formation diameter
as shown by Table VIII (i.e. all the values listed in the table are greater than 625
microns).
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The technique works well if the refractive index of the uid above the heater
surface is known. This technique is not suitable for applications where air and vapor
bubbles are present since the refractive index would not be xed. From all the high
speed images taken it can be concluded that inside the crown formation, no bubbles
were present, thus making this technique appropriate for lm thickness measurements
inside the droplet impact crater.
After the droplets parameters were set and the droplet stream centered, data
was collected in the following sequence:
- No heat ux on the surface with center of the laser aligned with point of impact
of the droplets.
- Low heat ux of approximately 10 W=cm2 with center of the laser aligned with
point of impact of the droplets.
- High heat ux near the point of CHF with center of the laser aligned with point
of impact of the droplets.
- No heat ux on the surface with center of the laser pointing away from point of
impact of the droplets. The purpose of this measurement was to obtained lm
thickness outside the point of impact of the droplets.
- No lm on the surface of the heater.
Images of the ring produced by the refraction of the laser beam were obtained
with the high speed imaging system which allowed for accurate measurements before,
during, and after each impingement event. In the case of dry surface and liquid lm
outside the droplet impact crown formation only one individual ring structure was
obtained as seen in Figure 33.
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Fig. 33.: Image obtained for a dry heater
When the lm thickness measurement was done inside the crown formation, two
rings were obtained. This feature could be seen in Figure 34.
Fig. 34.: Film thickness image for 120 ml/hr, 2750 Hz with 10 W=cm2
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Film thickness was computed from the following equation (4.7) from Pautsch
and Shedd[51, 52, 93] :
tfilm =
(0:5R  tbase tan(c;13))
(tan(c;23))
(4.7)
where (c;12) is the critical angle between mediums 1 and 2. Subscripts 1,2, and 3
denote air, ZnSe, and HFE-7100, respectively.
The measurements were taken at a speed of 60 fps for cases in which droplets
impact the surface at rates from 2,730 Hz to 13,500 Hz. Each image is composed of
at least 40 droplet impacts which means that the two rings represented the average of
minimum and maximum lm thickness during the droplet impact process. The max-
imum lm thickness corresponds to the maximum height of the wave crest produced
after impact of each droplet with an outward direction inside the crown formation.
The minimum lm thickness (wave through) corresponds to the height of the lm
before and after the wave motion. Figure 35 shows lm thickness results for the case
of no heat ux as a function of Weber number. The dierent droplet parameters used
to obtain the reported Weber number are presented in Appendix B. The value of lm
thickness varies from 10 to 18 m for minimum lm thickness, and a variation of
79 to 86 m for maximum lm thickness. There is not a clear tendency of each value
as a function of Weber number.
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Fig. 35.: Film thickness for no heat ux case
Figure 36 shows lm thickness results for the case of low heat ux at approxi-
mately 10 W=cm2 on the heater as a function of Weber number. The value of lm
thickness varies from 10 to 17 m for minimum lm thickness, and a variation of
71 to 81 m for maximum lm thickness. There is not a clear tendency of each value
as a function of Weber number.
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Fig. 36.: Film thickness low heat ux case (10 W=cm2)
Figure 37 shows lm thickness results for the case of high heat ux near the value
of CHF, ranging from 25 to 37W=cm2, for each droplet stream condition. In this case
as in the previous case, data is shown as a function of Weber number. The value of
lm thickness varies from 7 to 16 m for minimum lm thickness, and a variation of
66 to 75 m for maximum lm thickness. There is not a clear tendency of each value
as a function of Weber number though the average value of maximum lm thickness
decreased with heat ux. Also, there is a small increase in the variation of lm thick-
ness with increasing heat ux values. This suggest that thin-lm evaporation takes
places as heat ux is increased. A variation of standard deviation from 2:68 m for
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maximum lm thickness with no heat ux to 3:48 m for maximum lm thickness
at high heat ux was found. In the case of minimum lm thickness, the variation in
lm thickness is minimal with a standard deviation of 2:24 m in the case with no
heat ux to 2:39 m in the case of high heat ux.
Fig. 37.: Film thickness high heat ux case
Figure 38 shows minimum lm thickness for the no heat ux, low heat ux and
high heat ux cases. In these cases, it is possible to observe a small reduction in lm
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thickness height of 2:2 m from the case of no heat ux to high heat ux which is
within the uncertainty of the experimental method used. Thus, it could be concluded
that heat ux has little to not eect on minimum lm thickness.
Fig. 38.: Minimum lm thickness
Figure 39 shows maximum lm thickness for the no heat ux, low heat ux and
high heat ux cases. In these cases, it is possible to observe a small reduction in lm
thickness height of 12 m which is more that the corresponding experimental uncer-
tainty. The reduction in maximum lm thickness may suggest evaporation of the lm
layer as a possible heat transfer mechanism during the droplet impingement process.
However,given the high impingement frequency, low uid temperature (below satura-
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tion temperature), and constant minimum lm thickness, thin lm evaporation does
not seem to account for the reduction in maximum lm thickness. The reduction in
maximum lm thickness can be attributed to a reduction in surface tension at higher
heat ux and surface temperature values. The overall heat transfer process seems to
be dominated mainly by forced convection during the periodic droplet impingement
process.
Fig. 39.: Maximum lm thickness
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D. Parametric Study
Among the objectives of this research project is to study the eects experimental
parameters of the droplets trains on hydrodynamic and heat transfer responses upon
impingement on the heater surface. Important parameters in monosized droplet
streams are namely: droplet diameter, droplet velocity, and frequency; or in dimen-
sionless form: Weber number (We = (v2ddd)=) to take into account the joint eect
of velocity and diameter on inertial forces of the droplet train, Strouhal number
(St = (fdd)=v) to account for oscillation eects. The expected outcome of the study
is the identication of the eects of these parameter on heat transfer and impinged
droplet crown morphology.
Changing parameters such as droplet diameter, droplet velocity and frequency
while keeping ow rate constant is physically impossible for droplet generators based
on the Rayleigh breakup principle. In this study, two parameters, Weber, and
Strouhal numbers were varied to determine their eects on lm dynamics and heat
transfer. In order to change these parameters, four single-orice plates with dier-
ent orice diameters were used. Orice plates images were obtained using a Unitron
MEC2 microscope and processed with Micrometrics SE Premium version 2.9. The
results are presented in Table IX.
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Table IX.: Orice plates characterization
Nominal Diameter (m) Measured Diameter (m)
130 128.7
140 138.7
150 149.
160 157.9
The working range at dierent ow rates was found experimentally using the
Schneider [101] relationship as starting point. Table X provides a range of each
variable that could be experimentally obtained with 150 ml/hr and 210 ml/hr of ow
rate.
Table X.: Experimental range of We and St as a function of orice plates diameter
Nominal diameter ow rate frequency Weber Strouhal
(m) (ml/hr) (Hz.)
130 150 6,160-11,400 212-264 0.46-0.70
130 210 9,300-14,450 442-515 0.48-0.64
140 150 4,700-8,380 172-212 0.45-0.66
140 210 7,400-12,500 342-409 0.48-0.68
150 150 3,335-6,200 141-176 0.41-0.63
150 210 5,500-8,300 292-337 0.46-0.60
160 150 3,780-5,720 112-131 0.51-0.68
160 210 6,000-8,100 232-272 0.49-0.67
Based on the experimental range obtained, experiments at dierent heat ux
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values were performed by changing Weber number and keeping Strouhal number,
and ow rate constant. Experiments were performed to study the eect of varying
Weber number on surface temperature, and lm thickness. Table XI provides the
input values for the Weber number experiments.
Table XI.: Experimental conditions for Weber number tests
ow rate orice plate Weber Strouhal
(ml/hr) (m)
Test 1
150 130 232 0.589
150 140 184 0.586
150 150 147 0.584
150 160 124 0.572
Test 2
210 130 460 0.598
210 140 368 0.592
210 150 295 0.593
210 160 246 0.593
In the case of heat transfer experiments, the droplet stream was rst set up to
the desired parameters and power was applied to the heater. TLow heat ux condi-
tion was 8:6 W=cm2, while for the high heat ux condition, it was 25 W=cm2. The
system was allowed to reach steady state and 199 IR images were acquired at a rate
of 60 Hz. The images were processed, and the average minimum temperature was
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obtained. No signicant eect of Weber number on minimum surface temperature
was found at both heat uxes as shown in Figure 40. Posterior visualization of the
droplet impingement conrmed that at this range of low Weber number spreading
was the characteristic droplet impingement mode.
Fig. 40.: Minimum surface temperature at a ow rate of 150 ml/hr at Strouhal number
of 0.585
In the case of lm thickness experiments, the experimental procedure was sim-
ilar. First, the droplet train was rst xed to the desired parameters and aligned
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with the center of the laser beam. Then, power was applied to the heater to produce
a heat ux condition of 8:6 W=cm2, and 25 W=cm2, respectively. Once the heater
reached steady state, lm thickness data were obtained. Figure 41 shows a decrease
of maximum lm thickness with heat ux, but variation of lm thickness with Weber
number is within experimental uncertainty for this range of Weber number.
Fig. 41.: Film thickness owrate of 150 ml/hr at Strouhal of 0.585
A similar procedure was followed for the cases of higher range of Weber number.
An increase of minimum surface temperature averaging 5  was found (see Figure
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42) with increasing Weber number. Posterior visualization of the impingement zone
showed an impact regime of splashing. The results suggest that an increase in Weber
number resulting in splashing aecting the impingement mode and the ability of the
droplet stream to remove heat eectively resulting in a higher surface temperature.
Fig. 42.: Minimum temperature at a ow rate of 210 ml/hr at Strouhal number of
0.594
At the higher range of Weber number, lm thickness variation with heat ux
was found to be minimal. The apparent decrease of lm thickness seen in Figure 43
is within experimental error of the measurement technique. For the two cases tested,
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maximum lm thickness was independent of Weber number and heat ux rate.
Fig. 43.: Film thickness at a ow rate of 210 ml/hr at Strouhal number of 0.594
Investigation of the eect of Strouhal number variation was only possible at two
values of Strouhal number for xed ow rates and Weber number. Experiments were
performed at a xed ow rate value of 210 ml/hr and Weber number of 339, Strouhal
number was varied from 0.456 to 0.683. No signicant eect was found based on time
average minimum temperature value as well as lm thickness as shown in Table XII
.
103
Table XII.: Strouhal test results
Strouhal Heat ux Minimum Temperature Maximum Film Thickness
(W=cm2)  (m)
0.456 8.6 26.7 75
0.683 8.6 26.9 71
0.456 26.0 70.3 71
0.683 25.9 70.4 73
E. Characterization of Overall Heat Transfer Trends and Modes
The experimental data obtained through the project has given us the tools and in-
formation needed to identify the main heat transfer phenomena inside the crown
formation caused by droplet stream impingement. Experimental data have allowed
for the analysis of the heat transfer process.
1. Single Stream Impact Regime Characterization
Characterization of the droplet impact regime provides information about the hy-
drodynamics and heat transfer phenomena present during the impingement and lm
evolution processes. Impinged lm hydrodynamics phenomena during droplet impact
changes when transitioning from one impingement regime to other. As a consequence,
changes in heat transfer behavior including variation in heat transfer coecient or
critical heat ux (CHF) value may be aected by a regime transition. Impact regimes
of the experiments performed have been identied by means of high speed visualiza-
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tion and compared with available models in the literature.
The simplest of the empirical models are those do not take into account any
inuence of surface temperature or presence of a liquid lm on the target surface.
In the case of a monodispersed droplet train impacting a at surface, Mundo et al.
[71] performed a series of experiments using water, ethanol, and a mixture of water-
sucrose-ethanol on a stainless steel surface in which any lm from previous droplet
deposition had been continuously removed. A correlation for deposition-splashing
boundary in terms of Reynolds number (vdd=) and Ohnesorge number (=
p
dd)
has been proposed as dened by equation (4.8) [71]. The relationship shows that the
inuencing factor is the momentum of the primary droplets in the direction normal
to the surface.
C = Oh:We
1:25 (4.8)
C > 57:7 (splashing)
C < 57:7 (spreading)
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Fig. 44.: Limits for splashing and spreading of monosized droplet trains (80 < We <
590)
Figure 44 shows a comparison of Mundo et al. [71] model with the data collected
as part of this research work. From Figure 44, it is clear that Oh number had little
variation for the dierent single-stream experiments that were performed. In order
to test a broader range of Oh number, dierent uids with distinct properties would
be necessary. The transition from spreading to splashing occurs at a critical value
of constant  of 105 for data obtained and not at 57.7 as predicted by Mundo et al.
44. One possible explanation for this dierence is the permanent presence of a liquid
lm on the heater surface which acted as a damping medium and helped delay the
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transition from spreading to splashing.
Other researchers have characterized droplet impingement regimes taking into
account surface temperature. This approach provides a qualitative description of
the heat induced phenomena. The two most used approaches to map the impact
regimes have been done by Bai et al. [65] and Rein [90] based on Weber number
and surface temperature (TW ). In these two approaches, a critical Weber number in
which transition from spreading to splashing occurs is dened based on experimental
observations.
Several empirical models exist that describes droplet behavior upon impingement
[64]. The physics of droplet impact on a wetted wall is captured by the models of
Bai-Gosman [65] and Samennk [104]. Bain-Gosman denes a critical Weber number
as seen in Equation (4.9) at which transition from spreading to splashing occurs.
Wecr = 1320:Oh
0:36 (4.9)
Figure 45 depicts the observed impact regimes following the Rein approach based
on the Bai-Gosman model for the denition of the critical Weber number. The
Bai-Gosman model predicts a transition Weber number of 239 which is close to the
observed spreading-to-splashing transition at a Weber number of 257. Rein mapping
approach predicts an impact regime of bubbling for surface temperatures above the
saturation temperature of the uid and below the critical Weber number. Those con-
ditions are obtained at a low ow rate (120 ml/hr) at high heat uxes. However, the
presence of that regime had not been observed as part of this work.
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Fig. 45.: Mapping of splashing and spreading of monosized droplet trains of HFE-
7100(Rein approach)
Figure 46 depicts the observed impact regimes following Bai approach using the
Bai-Gosman model. In addition to depicting the transition between splashing and
spreading, Bai et al. [65] also describes a transition from stick to spreading at a We-
ber number of 5. Bai et al. [65] also introduces a pure adhesion temperature (TPA)
above which transition to a break up regime occurs. The value of this temperature
(TPA) is larger than the boiling temperature of the uid. In general, Bai's mapping
technique of impact regimes ts well with observed data.
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Fig. 46.: Mapping of splashing and spreading of monosized droplet trains using Bai
approach
Samennk et al. [104] also proposed a model to describe single droplet impact
on a wetted surface. Thickness of the lm is taken into account by a reference dimen-
sionless value of lm thickness (see Equation (4.10)). The transition criteria for the
spreading to splashing transition is given by a critical Reynolds number (see Equation
(4.11)).
b =
film thickness
droplet diameter
ref = 1 + 0:39b   0:082b (4.10)
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Recr = 38:1
Oh 0:8378
ref
(4.11)
Fig. 47.: Mapping of impact regimes based on Samennk model
Figure 47 presents a comparison of measured data with the Samennk model.
Reynolds critical value of 2,097 predicted by the Samennk model ts well the ob-
served data. However, there is a range of Reynolds number between 2,018 to 2,072 in
which both spreading and splashing are present. Below Reynolds number of 2,018, all
the cases observed belong to the spreading impact regime. Above Reynolds of 2,072,
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all the observed cases exhibited a splashing behavior.
Overall, there is a good agreement between the three models found in the lit-
erature and experimental observations of this research work. Bai mapping approach
with Bai-Gosman criteria for transition of spreading to splashing describes well the
experimental ndings of this research work. Moreover, the experimental data show
that the three models can be used to reach conditions that could lead to best heat
transfer performance.
2. Heat Transfer Analysis
A study of heat transfer behavior before, during and after crown formation upon
droplet impingement was conducted. First, the regions of interest inside the crown
formation were identied according to Figure 48. In the present research, we fo-
cused on the stagnation region, directly below of the impact of the droplet; and the
boundary layer region in which both a momentum and thermal boundary layers grow
periodically upon impingement of each droplet.
111
Fig. 48.: Identication of thermal regions upon droplet impingement
A good approximation of the convective heat transfer behavior of periodic droplet
impingement can be found by using correlations for circular liquid jets [105, 106].
A comparison to the case of impinging droplets has been performed using existing
analytical results for circular liquid jets for uids with Prandtl number above one
which t the case of HFE-7100 at Pr = 9:59.
Integral analysis of the boundary layer [107, 108] for the case of circular jet im-
pingement shows that lm thickness can be correlated to other physical parameters
using Equation (4.12). Film thickness in the range of 14 to 18 m can be predicted
for jets equivalent in size to single train of droplets at a radial position of 300 m
from the point of impact. This result shows very good agreement with the measured
lm thickness at the same position in the range of 10 m to 80m.
h = 0:1713

d2
r

+
5:147
Red

r2
d

(4.12)
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Convective heat transfer of a circular jet have been explained by dierent authors
[105, 106]. Liu et al. [105] identied four dierent regions for a jet impinging on a
surface. First, the stagnation zone directly at the point of impact of the jet in which
the jet decelerates and changes direction. The following is the local Nusselt number
correlation (4.13) suggested for for that zone with Prandtl number values greater than
unity[105].
Nud = 0:797Re
1=2
d Pr
1=3 (4.13)
0  r=d < 0:787
The second region identied is the boundary layer region. In this region, both the
viscous and thermal boundary layers develop along the radial direction. This region
ends where the viscous boundary layer encounters the lm surface. [105]. The local
Nusselt number correlation (4.14) suggested by Liu et al. [105] is as follows:
Nud = 0:632Re
1=2
d Pr
1=3

d
r
1=2
(4.14)
2:23 < r=d < 0:1773Re
1=3
d
In the third region, the viscous boundary layer reaches the free surface but the ther-
mal boundary layer is still developing. In this region, the velocity outside the viscous
boundary layer decreases with radial position. The local Nusselt number is given by
Equation (4.15). For all practical purposes, the region where the thermal boundary
layer reaches the free surface starts at a radial position outside of our region of interest.
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The experimental local Nusselt number was obtained at each radial position us-
ing the corresponding local temperature, the initial (before impact) uid temperature,
and the corrected heat ux value as indicated by equation (4.16).
Nu(r) =
q00
T (r)  To
d
kl
(4.16)
Figure 49 shows Nusselt number data as a function of radial distance for several
cases. The rst case is based on the Liu et al.[105] model for jet impingement. Figure
49 also depicts experimental data from single droplet impingement at the same ow
rate as the Liu's case as well as tted model to the single droplet impingement case.
Figure 49 shows local Nusselt number for three distinct cases at 120 ml/hr, 180 ml/hr,
and 280 ml/hr. The comparison was done to understand any similarities between the
single droplet impingement and jet impingement cases by just looking at the behavior
inside the crown formation. The tted local Nusselt number has the following form
(see Equation (4.18)).
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Nud = ARe
1=2
d Pr
1=3 (4.17)
0 < r=d  1
Nud = ARe
1=2
d Pr
1=3  (d=r)b (4.18)
r=d > 1
Fig. 49.: Comparison jet impingement to Nusselt number
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From Figure 49, jet impingement model alone does not capture well the physics
of droplet impingement heat transfer. Basically, the Liu's model overpredicts local
Nusselt number on the stagnation zone. In addition, the decay of local Nusselt number
on the boundary layer region is overpredicted by the jet impingement model. However,
the tted model predicts well the behavior on the stagnation zone. It is worth noting
that constant A and coecient b of the tted model increases with increasing ow and
with smaller vertical droplet spacing as it approaches the behavior of a continuous
jet as shown on Table XIII.
Table XIII.: Local Nusselt number coecients
Case Flowrate Frequency Velocity Vertical spacing A b R2
Droplets
ml=hr Hz: m=s m
Jet Impingement NA NA NA NA 0.632 0.5 NA
Droplet Stream 280 7,750 4.42 570 0.503 0.21 0.89
Droplet Stream 180 4,300 2.8 650 0.416 0.17 0.83
Droplet Stream 120 2,730 1.81 663 0.246 0.12 0.83
It is worth noting that the tted model (4.18) does not capture well the reduction
of local Nusselt number on the boundary layer region. It underpredicts the local Nus-
selt number after the stagnation zone while it overpredicts it before the jump region.
It can be inferred that the morphology of the boundary layer during droplet impinge-
ment is dierent to jet impingement since Liu's model (jet impingement model) is
based on continuous growth of the boundary layer. From Figure 49, it is evident that
Liu's model cannot capture well how Nusselt number changes with radial distance.
This suggests that the periodic nature of the impingement process aects the growth
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of the lm boundary layer in a way that results in higher Nusselt number values at
radial distances greater than 300 m when owrate is at 280 ml/hr. Periodicity of
droplet impingement also results in a lower Nusselt number in the stagnation region
because of the intermittent nature of liquid ow, but the periodic disturbances on the
boundary layer in the crown region are assumed to improve heat transfer resulting in
a more uniform local Nusselt number as discussed previously. Aditionally, there exists
a dierence in behavior in the cases where spreading and splashing occurs. In the
case of spreading, the coecient b varies from a range of 0.12 to 0.17 as indicated in
Table XIII and deviates considerably from the jet impingement model. In all cases of
splashing, coecient b ranges from 0.20 to 0.22 which is closer to the jet impingement
case since in the splashing cases, the eect of periodic droplet spreading is disturbed
by the break up and impact of secondary droplets in the radial direction. As a result,
the boundary layer growth resembles the jet impingement case.
3. Critical Heat Flux Characterization
Critical heat ux (CHF) was characterized for dierent conditions for single and triple
droplet trains. Figure 50 shows CHF behavior for the case of single stream as a func-
tion of Weber number. Behavior of CHF diers signicantly with the impact regime
(i.e. splashing or spreading). In the spreading regime, CHF increases with Weber
number and exhibits a more stable behavior. When splashing regime is present, CHF
increases with Weber number at a lower rate. Furthermore, the behavior is also more
chaotic resulting in a wide variation of Nusselt number when correlated to Weber
number.
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Fig. 50.: Critical heat ux as a function of Weber number
A general equation to correlate critical heat ux (CHF) to other physical param-
eters was also obtained. A common approach in two phase ow to obtain a nondimen-
sional expresion of the CHF [59, 58] is to use the Kutateladze number (4.19) as follows:
K =
q"c
vdhfgL
(4.19)
Other researchers [39] have concluded that a more appropriate approach is to obtain
a non-dimensional heat ux expresion based on the surface average mass ow rate
( _m").
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The following correlation of critical heat ux (CHF)(4.20) in terms of Weber
number, and Strouhal number was obtained using the least square t method and
and the experimental data.
qc
00
_m00hfg
= 8:283We 0:1323St 0:0952 (4.20)
where:
80 < We < 590
0:43 < St < 0:69
The R-squared values of the correlation obtained was 0.67, with a maximum
error of 13.4 %. Figure 51 shows the results of the critical heat ux correlation for
the single stream cases. As it can been seen, We and St can be used to estimate CHF
for monosized droplets impinging on a surface.
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Fig. 51.: Comparison for experimental and predicted critical heat ux for single
stream cases
Figure 52 shows the dependance of critical heat ux on dimensionless spacing
dened as the ratio of spacing between adjacent streams and droplet diameter for
the triple stream cases. From Figure 52, it is clear that critical heat ux depends
on horizontal spacing (i.e. distance from impact-to-impact points). The main factor
is density of the spray inuences the nature of the impact regime with direct conse-
quences on heat transfer behavior. Experimental results indicate that CHF increases
with impact-to-droplet spacing ratio. Impact-to-droplet spacing ratio accounts for
the density of droplets impinging on a surface which is of vital importance in the
design of spray systems. This suggests that each impact crater and impinging pro-
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cess should not be destructively interrupted by secondary droplets emanating from
splashing events and adjacent impact craters that suppress the inner ow structure
of each individual crater.
Fig. 52.: Critical heat ux as a function of non-dimensional spacing for triple stream
cases
The droplet impingement studies by Healy [59] and Sellers [62] characterizing
critical heat ux (CHF) behavior reached dierent conclusions for similar ranges of
Weber and Strouhal numbers (See Equations (2.6) and (2.7)). In both studies, water
was used as heat transfer uid and droplet diameter was the characteristic length used
for both Weber and Strouhal numbers denitions. Additionally, Strouhal number was
the same for both cases. To allow comparison with the present study, Equations (2.6)
and (2.7) were rewritten in the form of Equation (4.21) obtaining coecients a,b, and
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c as presented in Table XIV. Table XIV shows a good agreement between the present
research and Seller's [62]. Results of the present work diers with work of Healy et
al. [59] on the role of frequency and velocity on critical heat ux. Healy [59] used
droplets in the milimetric scale and at low frequencies, which might have produced a
dierent impact regime probably resulting in rather dierent heat transfer behavior.
In summary, our experimental work conrms Sellers [62] work which should be used
in the analysis and study of droplet impingement in the future.
qc
00
= Constant  vad  dbd  f c (4.21)
Table XIV.: Critical heat ux coecients
a b c
Healy -1.6413 -0.2933 0.6883
Sellers -0.0973 2.737 0.8569
Present work -0.169 2.772 0.904
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
A. Conclusions
The main objective of this study was to gain a better understanding about the physics
of droplet impingement cooling as the basis of spray cooling systems. The knowledge
generated provides tools for the design and development of spray cooling systems.
The heater used in this research was designed to be transparent on the optical
wavelength range to allow visualization studies of the droplet impingement zone, as
well as lm thickness measurement of the impact zone using non-invasive optical
techniques.
The use of infrared imaging allowed temperature measurement with a spatial
resolution of 100 m, and a temporal resolution of 60 Hz. Hence, it was possible to
study localized heat transfer behavior inside the droplet crown formation instead of
using the classical approach which considers the whole heater area as seen in spray
cooling studies. The design of the heater made lm thickness measurement possible
at a radial location of 300 m from the point of impact of the droplet train which
was always within the boundary layer region of the crown formation.
Heat transfer curves at all owrates follow a linear behavior consistent with single
phase convection as the main heat transfer mechanism. Minimum surface temper-
atures were below saturation temperature of HFE-7100 for heat uxes immediately
below critical heat ux (CHF) at all owrates except the cases at 120 ml/hr. Sur-
face temperature inside the crown formation was below saturation temperature at all
cases, except for the heat ux immediately below critical heat ux at 120 ml/hr.
Behavior at the impingement zone varied with ow rate, frequency and veloc-
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ity of the droplets. Localized droplet impingement heat transfer behavior tends to
approximate jet impingement models[105] with increasing owrate, frequency and
velocity of impinging droplets. The largest dierence between the Liu's model and
the experimental data occurs inside the boundary layer region. This result suggest
that a continuous boundary layer growth model as found on jet impingement systems
could not capture the periodic behavior of droplet impingement system in which the
boundary layer grows and collapses periodically with each droplet impact.
Forced convection was determined to be the main heat transfer mechanism inside
the crown formed upon droplet impingement, even at heat uxes near the critical heat
ux (CHF). Nucleate boiling, secondary nucleation only take place outside the crown
structure.
Critical heat ux (CHF) ndings are in good agreement with results of Sellers
[61] in the case of single train impingement. In the case of triple train impingement,
the key factor is the horizontal spacing between droplets. Results suggest that density
of the spray aects the impact regime resulting in a less than optimal heat transfer
behavior.
Film thickness inside the crown formation varies from 10 to 80 m for all single
train cases tested with and without heat ux. Film thickness results are in the same
range as experiment conducted using spray cooling systems [92] which ranged from
18 to 80 m using FC-72 as working uid. Single-droplet impingment compared well
in lm thickness terms with Liu's jet impingement model.
Crown formation was characterized and impact of parameters such as heat ux
and ow rate were studied. Impact regime was observed and compared with existing
models found in the literature [71, 65, 104] mostly developed for fuel injection systems.
Good agreement was found with Bai-Gosman and Samennk models to predict the
transition from spreading to splashing. Bai mapping of impact regimes which take
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into account surface temperature ts the observed data well. Impact regime was
found to play an important role in the local Nusselt number and critical heat ux
(CHF) behavior.
A parametric study to quantify the eects of Weber number and Strouhal number
on heat transfer and lm thickness was conducted. It was found that heat transfer
performance deteriorate with Weber number when splashing occurs. Weber number
did not play a signicant role during droplet impingement while on the spreading
mode.
B. Recommendations
As a result of the ndings in this research work, the following considerations for
additional research are suggested:
The range of droplet velocities, diameters and frequencies should be extended at
the same ow rates. This could be achieved by changing the diameter of the orice
plates. The extension of the experimental range could help achieve dierent impact
regimes at the same ow rate, and investigate its eects on heat transfer phenomena.
Arrays of droplets of dierent congurations could be used to investigate eect of
staggered and non-staggered arrays with an emphasis on the interaction between
adjacent droplets.
A more profound study of the eects of droplet spacing could be performed
with the use of an additional droplet generator. A set-up could be built with the
capability of continuously changing spacing of two adjacent droplet trains in order to
nd the optimal spacing between droplets. The eect of impact angle on heat transfer
could be investigated by slightly modifying the experimental set-up. Eects of the
combination of angle and spacing could be investigated further. Droplet trains whose
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momentum direction either approaches, departs from each other could be achieved
and investigated with small variations of the experimental set-up.
Adjacent droplet impingement with droplets impinging on phase or out of phase
should be investigated by using two generators. The control of droplet phase could be
done by modifying the function generator input to each droplet generator head, and
with special care of environmental conditions that could disturb the droplet trains.
Emphasis should be placed on the interaction region between adjacent droplet impacts
with special attention to surface temperature and lm thickness at this region.
Novel heat transfer uids such as ceramic and metallic based nanouids should
be investigated as well. The eects of nanoparticles on surface temperature and
critical heat ux should be characterized. Nanostructures on the ITO surface could
be manufactured and tested. Its eects on surface temperature, critical heat ux,
and lm thickness could be investigated with the same experimental techniques used
in this research.
An increase of the temporal resolution of the temperature measurement technique
should be explored too. Two options are available to achieve this purpose. The rst
option is the use of a faster infrared camera that would allow to measure temperature
uctuations between droplet impact. The second option is the use of an alternative
technique such as deposited thin lm thermocouples at discrete locations on the
heater. A heater could be designed in which surface temperature is measured with
infrared thermography as well as with thin lm thermocouples. This approach should
result in higher temporal and spatial resolution, as well as a reduction of measurement
uncertainty at the thin lm thermocouple locations.
Heat transfer coecients and its corresponding Nusselt numbers were calculated
based on initial uid (before impact) temperature of the working uid. A technique
such as Temperature Oscillating Infrared Thermography (TOIRT)[109, 110] could be
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used to measure heat transfer coecients without the assumption of an initial uid
temperature. The TOIRT method is based on the response of a surface to a known
change in applied heat ux. With knowledge of the material properties and transient
temperature response, heat transfer coecients could be calculated.
Velocity eld at the boundary layer region could be measured with techniques
such as micro Particle Image Velocimetry (PIV ) and contrasted with 3-D numerical
simulation. This approach would clarify the physical phenomena occuring at the
boundary layer region.
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APPENDIX A
HFE 7100 FLUID PROPERTIES
Table XV.: HFE-7100 physical properties specied at 25 
Properties Value
Molecular Weight, g=mol 250.0
Flash Point None
Freeze Point,  -135
Boiling Point,  61
Critical Temperature,  195.3
Critical Pressure, MPa 2.23
Critical Density, kg=m3 (estimated) 555
Heat of Vaporization @ B.P., kJ/kg 111.6
Surface Tension, dynes/cm 13.6
Solubility of Water in Fluid, ppm by weight 95
Solubility of Air in Fluid, volume air @ 1 atm per volume uid 53%
Typical Dielectric Strength (0.1 in. gap), kV (RMS).1 28
Dielectric Constant, 100 Hz - 10 MHz 7.39
Volume resistivity, ohm  cm 3:29x109
1The dielectric strength of virgin HFE-7100 uid is specied as 20 kV minimum.
As dielectric properties can be degraded by the presence of dissolved plasticizer,
particulate or water, when dielectric properties are critical, careful attention should
be paid to material compatibility and moisture content.
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Fig. 53.: Kinematic viscosity of HFE-7100
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Fig. 54.: Density of HFE-7100
Fig. 55.: Thermal conductivity of HFE-7100
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Fig. 56.: Specic heat of HFE-7100
146
APPENDIX B
SINGLE STREAM CASES
Table XVI.: Results single stream cases
Flow rate Frequency Droplet Droplet Weber Strouhal CHF
Diameter Velocity
ml=hr Hz: m m=s (W=cm2)
120 2,730 285.7 1.81 96.5 0.454 25.7
120 3,400 265.5 1.81 89.7 0.525 26.8
120 4,100 249.5 1.80 84.3 0.595 26.8
120 4,720 238.0 1.79 80.4 0.654 26.4
150 3,335 287.9 2.31 165 0.430 29
150 4,300 264.5 2.31 151.6 0.508 30.2
150 5,300 246.7 2.30 141.4 0.584 30.2
150 6,200 232.9 2.29 134.2 0.649 28.8
180 4,300 281.1 2.80 242 0.441 37.6
180 5,300 262.2 2.80 225.7 0.508 38.2
180 6,300 247.5 2.79 213 0.568 36.8
180 7,500 233.5 2.79 201 0.639 38.1
210 6,130 262.9 3.29 315.7 0.498 42.1
210 7,000 251.5 3.28 302 0.544 40.7
210 8,000 240.6 3.28 288.9 0.594 42.2
210 8,700 233.9 3.28 281 0.628 41.6
250 6,850 268.5 3.93 466 0.472 46.7
250 8,000 255.0 3.93 442.5 0.524 49.4
250 9,000 245.2 3.93 425 0.567 45.3
250 10,900 230.0 3.93 399 0.644 47.3
280 7,750 267.6 4.42 588 0.473 46.4
280 10,000 245.8 4.41 540 0.561 43.3
280 12,000 231.3 4.41 508.3 0.634 47.1
280 13,500 222.4 4.41 489 0.685 44.8
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APPENDIX C
TRIPLE STREAM CASES
Table XVII.: Results triple stream cases
Flow Frequency Droplet Droplet Weber Strouhal Spacing CHF
Diameter Velocity
ml=hr Hz m m=s m W=cm2
540 7,200 236.7 2.79 204 0.621 400 48
540 8,700 222.2 2.78 190 0.705 400 47.3
540 7,200 236.7 2.79 204 0.621 800 53.9
540 8,700 222.2 2.78 190 0.705 800 50.5
540 7,200 236.7 2.79 204 0.621 1,500 67
540 8,700 222.2 2.78 190 0.705 1,500 66.1
750 8,000 255.0 3.93 442.5 0.524 400 58.3
750 11,000 229.3 3.92 398 0.648 400 55.8
750 8,000 255.0 3.93 442.5 0.524 800 65
750 11,000 229.3 3.92 398 0.648 800 65.5
750 8,000 255.0 3.93 442.5 0.524 1,500 81.6
750 11,000 229.3 3.92 398 0.648 1,500 80.2
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